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i, KINBTICS OF OXIDATION OF SOUE ALIPEATIC AMINES

BY ALKALINZ HEXACYANOFRRRATE (IIT)

The kinetics of oxidation of some aliphatic amines
(methylamine, dimethylamine, trimethylamine, ethylamine,
diethylamine and triethylamine) by potessium hexacyanoferrate
(III), in alkaline medium, at constant ionic strength, under

.2 nitrogen atmosphere, has been studied.

The rates of ﬁhese reactions were found to be
dependent @n the first powers of the concentra tions of both,
substrete and oxidant. The rate of the reactiocn was independent
of the coﬁcentration of alkali in the range studied, for
methylamine end dimethylamine. An alkaline pd was necessary
for the facile oxidatiqn of these amines. Though there was
no dependence on [/ alkali / over the pH renge studied, the

reaction was not independent of pH, in the wider sensé.

All the other amines ( trimethylamine, ethylamine,
diethylanine and triethylaiine) underwent facile oxidation by
| aQueoué‘ggkacyanofe;;ateA(III) in neutral medium, that is,
Without using any alkali.

The effect of chenges in temperature on the rates
of the reactions hes been studicd, and the activation perameters
heve ,been evaluated.

Variations in the ionic strength of the medium,



2

changes in the concentrations of added hexacyazmoferrate (II)
jons, and the addition of salts, did not havé any effect on
the rates of these reactions.

The presence of radical intermediates, formed in
the rate determining step of tue reaction, has been detected
and characterized by ESR spectroscopy.

The reaction pathway hes been mechanistically
visualized as proceeding via the formation of radical
intermediates in the rate determining step. The radical
underwent further reaction to yield the products. The products
formed from the oxidation of methylamine, dinethylamine and
trimethylamine were the respective N-acyl derivatives., The
products from the oxidation of ethylamine, digtaylamine and
triethylamine, were the respective dealkylated products. These

products Were characterized by analytical and gpectral methods.

2, KINBTICS OF OXIDATION OF SOUE AROMATIC AMINES BY

ALKALINE HEXACYANOFERRATE (III).

The kinetics of oxidation of some aronmatic amines
(aniline and substituted enilines, N-methylamiline, N-ethyl-
gniline, N,N-diaethylaniline, lI,N-diethylaniline, benzylamine
and substituted benzylemines, diphenylanine and substituted
diphenylamines) by potassium hexacyanoferrate (III), in

alkaline mediun, at constant ionic strength, under a nitrogen



atmosphere,has beepn studied.

The rates of these reactions were dependent on the
first powerse of the concentrations ¢f both, substrate amd
oxident. The rate of the reaction was indepondent of the
concentration of alkali in the range studied., An alkaline
pH was necessary for the facile oxidation of these azines.

The rsactions were iniluencesd by changes in the
termperature, and théd activazion parameters have been evaluated.

Variations in the ionic strength of the mediun,
changes in the concenttations of added hexacyanoferrate {II)
ions, end the addition of salts, did not have any effect on
the rates of thege reactions.

Increasing proportions of methanol resulted in an
increase in the rate of oxidation, in the case of aniline and
diphenylamine. In the cass of N,N-dimethylaniline, the reverse
trend was cbserved., Plots of log kobs against the rsciprocal
of the dielectric constant were lireayr, indicating that the
reactions under consideration were of the ion-dipole type.

The introduction of clectron-releasing groups
cauBed an increase in the rate of the reaction, whereas
electron-withdrawing groups caused a decrease in the rate
of the reaction. Hamzett plots of log k ,  ageinst o~ (or ¢~)
were linear, with the values of f” = - 1,0 (anilines), and
f’n - 1,0 (for diphenylapines and benzylamines). The 'fD

values for these substrates (anilines, diphenylanmines and
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benzylamine;) were in the range for processesd Whesrein the
rate determining step involved the formation of radical
internediates.

The oxidation of banzylamine ~‘#£-d2’exhibited n
kinetic isotope effect, with EH/kD = 6.3, indicating a cleavage
of t{ae C-ﬁ,bond of the methylene group attacihed to the aryl
ring, resulting in the fornation of a radicel intermediate
in the rate - determining stesp of the reaction.

The presence of radical intermediates was detected
and characterized by BESR spectroscopye.

The roaction pathuay has been mechenistically
vigualized as proceeding via the formation of a radical
internediate in the rate determining step. The radical was
rapidly converted to the products. RfZorts to isglate
intermediate product(s) wdre not successful.

The products obtainzd from the oxidetion of the
varicus aromatic amines, were:d
(a) azobenzene (80-85%), from the oxidation of aniline;

(b) formanilide (70%) fron the oxidation of N-methylaniline;

(¢) formenilide (70%) and formaldehyde (10%),from the
oxidation of N-egthylaniline;

(d) N-methylformanilide (75%), from the oxidation of N,N-
dimetirylaniline;

(e) formanilide (70%), aceteldehyde (10%) and Zormaldehyde (10%),
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from the oxidation of N,N-cdiethyleniline;

(£) tetraphenylhydrazine (00%), from the oxidation of
dipaenylanine;

(g) benzaldehyds (8C%) and ammonia, from the oxidation

of benzylamine.

The products formed, in each case, Wers igolated and

cheracterized by anelytical and spectral nethods,

3. XINGBTICS OF OXIDLTION OF SOME INORGANIC SULFUR

COMPOUNDS BY ALKALINZ TEZACYANOFZRRATE (III).

The kinetics of oxidation of some inorganic sulfur
conpounds (sulfite, wmetabisulfite, ditiionite, thiosulfate
and taiocyanate) by potassiun hexacyanoferraie(III), in
alkalines medium, at constant tonic strenglh, under & nitrogen

atoosphere, has been studied,

The rates of the reactions were observed to be dependent
on the first powers of tae concenttations of gach, substrate
and oxidant. The rates of the reactiins were dependent on
the first powers of the concentrations of alkali in the range
studied, in ths case of sulfite, metabisulfite and dithionite
ior8. In the case of thiosulfate and thioecyanate iong, the
rates were independent of the concenprations of alkali in the

range studied.



The rates of tihe reactions were influsnced by changes
in temperature, and the activetion parameters have bsen
evalﬁated.

Variations in the ionic Strgngth of ths medium, and

hangss in the concentrations of added hexacyanoferrate (II)
ions, did not have any erffect on the retes of these reactionc.

Redical intermediates were detected in the oxidation
reactions of sulfite, dithionite and thiocyaznate ions.

The mechanistié pethway envisaged the formation of
radical intermediates, in the case of tae oxifwetion of
sulfite, dithionite and thiocyanate ions, Rapid dimerization
vielded the products, which Were isolated and characterized.
In the oxidation of taiosulfete, the intérwmediate anion
underwent rapid dimerizetion to yield the product, which

wes isolated and characterized,

Lk, KINETICS OF OXIDLTION OF SOMZ OQ3RGANIC SULFUR COMPOUNDS

BY LCIDIC HEXACYANOFRRRLTE (ITI).

The kinetics of oxidation of some orgesnie sulfur
compounds (thiomelic acid, thioglycolic acid and thiophenol)
vy potassium hexscyanofsrrate (III), in acidic medium, at
constant ionic strength, under a nitrogen atmosphere, 1hes bacen

gtudied,.
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®ne rates of the reactions showed a first order
dependence on the concentrations of each, substrate znd
oxident. The rates of the rezctions snowed @ first order
dependence on the concentratior of acid ( in the case of
thioglycolic acid and thiosvhenol), but showed an inverse
dependence on the concentraticn of the acid, in the case

of thiomalic acid,

The rates of the reactions were enhancad, with an
increese in the temperature of the medium. The activation

paraneters have been evaluated,

Increasing proporivions of methanol resulted in an
increase in the rate of the reaction, in the case 2f thiophenol.

4 plot of log k ageingt the reciproecal of the dielectric

oks
constant was linear, indiceating that the reaction was of tae

ion-dipole type.

Variations in the ionic strenzgth of the madiun,
cianges in the concentrations of added hexacyanoferrate (II)
iong, the addition of salts, and the addition of the product
itself, did not have any eifect om the rates of these

oxidetion reactions.

The pregence of radical interrmediates was detected

and characterized by ESR speectrosScopye.

The mechanism cf the reaction involved the formation



of redical intermediastes in the rats determining step.
The subsequent step involved ez rapid diuerization cof the
ragical, toc yield the respective disuliide. The products
formed have been cheracterized by analytical and spectral

methods .

KEERG Lieom
&ég, sle 10/ /&-
A3, bflua L«unﬂn;
Qleso Uy U .
Bab., Eﬁea‘iﬁ«xw
Tata. BY... e e e od
Transoribed by .3
——e |




KINEFICS OF OXIDATION OF SOME NITROGEN
AND SULFUR COMPOUNDS

GOPA DASGUPTA, M. Sc.

DEPARTMENT OF CHEMISTRY
SCHOOL OF PHYSICAL SCIENCES

A THESIS SUBMITTED
IN
FULFILMENT OF THE REQUIREMENT OF THE DEGREE OF

DOCTOR OF PHILOSOPHY

SHILLONG
INDIA

SEPTEMBER, 1986



Chan—

ARlelET
hy ﬁi\
Sub. Hu‘hl
3’,%
\’O

Sata. by
eJJpM "Eigvaw

-
N



Phone: 26593
Grams : NEHU

North - Eastern Hill University

Bijni Complex
Bhagyakul, Shillong-793003 ( Meghalaya )
DR. MAHENDRA K. MAHANTI, Ph.D.

I certify that the thesis entitled "KINETICS OF OXIDATION OF
SOME NITROGEN AND SULPHUR COMPOUNDS" submitted by -Miss Gopa
Dasgupta for the Degree of Doctor of Philosophy of the North-Eastern
Hill University, Shillong, embodies the record of original investigation carried
out by her under my supervision. She has been duly registered, and the
thesis presented is worthy of being considered for the Award of the Ph.D.

Degree. This work has not been submitted for any Degree of any other

University.
(DR. MAHENDRA K.MAHANTI)
Signature of the Supervisor.
Place: SHILLONG Df. MAHENDRA K. MAHANTI
. 1 Department of Chemistry,
Date: September 26, 1986. North-Eastern Hill University,

Bhiilong-793003 (Meghalaya).



Head,

Phone 26593
Grams 1 NEHU

North-Fastern Hill University

Bijni Complex
Bhagyakul, Shillong-793003 ( Meghalaya )

Department of.,.CHEMISTRY. . September 26, 1986.

This is to certify that Miss Gopa Dasgupta has satisfactorily

completed the following Pre-Ph.D. courses, as prescribed by this University:

CHEM-608 BIO-INORGANIC CHEMISTRY
CHEM-668 ELECTROCHEMISTRY

LANGUAGE COURSE IN FRENCH

(pROFﬁf.' 3 PPA)

HEAD, DEPARTMENT OF CHEMISTRY,
NORTH-EASTERN HILL UNIVERSITY,

SHILLONG-793003 (Meghalaya).

Heao
Deparumnent of Chemissty
North Eastern 1iill Universits
Shillong-793003



DEDICATED

T0

MY PARENTS



ACKNOWLEDGEMENT S

1 anm extremely greteful to Dr. M.X. Mahanti,
Department of Chemistry, North-Bastern Hill University, for
his unwavering enthusiasm and untiring guidance with constent

encouragenment throughout the course of this study.

I am grateful to Prof, T.5.3. Marasaraju, Dezn,
School of Physical Sciences, North-Rastern Hill Univérsity,

for his encouragement and help in the wWork.

iy thanks are alsc dus to Prof. IH. Junjappa, Head
of the Department of Chemistry, North-Bastern Hill University,
for providing mé tne necessary laboratory facilities to carry
out tie work.

It is ny great pleasure to extend my heartiest
thanks to all my teachers and fellow reSearch colleagues.

I an extrsmely grateful to Dr. A.X. Bhattacharjee
cf our laboratory for helping e tﬁroughout 2y course of
the wWork.

I an especially grateful to Dr. Mitra Bhattacharjec,
Miss Didey Laloo, Mr. Manash Dasgupta, Mr. Dayamoy Dey,
Mr. Samir Bhawmick, Dr. Bharati Bhattacharjee and .
Mr. Buale Marwein for helping me in various weys during the

course of the work.



I an also grataful to the U.G,.C., New Delhi, for
financial assisteance.
I am grateful to Mr. V.7, Janes for typing my

entire thesis with utmost care and dedication.

My thenks are due to Mr. O. Marbaniang for
cyclostyling the thesis.,

Finally, I would like to express my gratitude to

Mother Anne, Principel, St. Mary's College, Shillong, for

her kKind pernission and encouragement for the work.

Cpepe Abagphe

Shillong, GOPA DASGUTTA
September 1986.



INTRODUCT QN

SCOPE OF THE PRESENT INVESTIGATION
EXPERIMENT AL

DISCUSSION

CHAPTER 1 KINETICS OF OXIDATION OF
SOME ALIPHATIC AMINES

CHAPTER 2 KINETICS OF OXIDATION OF
SOME AROMATIC AMINES

CHAPTER 3 KINETICS OF OXIDATION OF

SOME INDRG ANIE SULFUR
COMPOUNDS

CHARTER 4 KINETICS OF OXIDATION OF
SOME DRGANIC SULFUR
ComMpauUNDS

RECORD DOF EXPERIMENT AL VALUES

SUMMARY

LIST BOF PUBLICATIONS

s e 00

aeo0ey

sasee

s e

e 600

19

22

52

100

179

218

266
298



INTRODUCTLON

Metal ion oxidants cen function either as one-eguivalent
or two-eguivelent rezgents. One~equivalent oxidants are
those which accept a single electron by direct transfer
or by interaction with a hylrogen atom. Two-egquivelent

oxidants can accept two electrons from the substrate.

in one-eguivalent redox Processes, the change of
valency can be brought about by cither an inner-sphere or

an outer-sphere mechanisum(1).

1, Inner~-sphare mechanismi

The inner-sphere or bonded mechanism envisages a
direct contact between the oxidant and the reductant, znd
the treisition stete is charuacterised by a ligand which is
bondad to both metal ions. It can therefore act as a bridge
between them for the transfer of an electron. The typical
reaction ig (2):

II1 2+

Cr2+aq + (NH3)5 Co Cl1 —

CrELe* ag + Co°* aq + 5 NH

The formation of an inner-spherce tramsition state
would leed to considerable distortion of the ioms, which may
thus agsist clectron transfer by reducing the energy terms

involved. In order that an inner-gsphere mechanism can opercte,



the ligend present should behave in a bidentate menner.
The ligend must possess availahle pi-orbitals, and one
of the reagents involved rust have a ligand which can be
easily displaced.

2. Outer-sphere mechanisms

Outer-sphere electron excihange reactions constitute
the gimplest class of electron transfer reactions. In an
outer=~8phere mechanism, the inuner co-orcdination shell of
both reagents is preserved intact in the transition state.
Since the metal~ligand distances will be affected by valency
change, soxe distortion of the inmer shells would occur, but
no metal-~ligand bond would ke broken or forned.

The criteria for outcr-sphere or non-bonded reactions

are a8 follows:

(2) there must be no observed transfer of ligends between
the reagents;

(b) the rite of the reaction wey have any magritude, but if
it is faster than any reasonable rate of suvbstitution of
th2 ligends of either oxident or reductant, then the
ryeaction cen be classgified as an cuter sphere reaction;

(c) the activation energy of this type of reaction should be
much less than that anticipated for a2 mechanism involving

ligand -« netal bond fission;



(d) the kinetic law of the reaction must show that the
transition state has tie same composition as the sum

of the reagent molecules.

It would therefore ke expected that most outer
sphere processes would be fast reactions between complexes
which are substitution-inert, in solvents which are not
thenselves providing ligends.

Most organic reaction processes are explimdle
in terms of electron shifts accompanying bond formation
and bond breaking. The rates and activation energies of

such reactions are therefore of considerable interest.

The esséntial steps in these reactions wauld be:

(a) the approach of two reagent lons, which may be aided
or hindersd by electrostatic forces;

(b) before eclectron transfer can occur, two conditions must
be obeyed (3), in accordance with the Pranck-Condon
principles

(i) the electron trensfer must naet alter the energy
of the system. This electron transfer occurs in a very short
time, and the only possiblie loss or gain of energy would be
by radiation. Electron transfer cen @ccur only if the oxident
and reductant have been vibrationally excited to the same
total energy. Thus, when the two valency statss of a reagent
are closely 8imilar in bond energy and geometry, the outer-

sphere process would be expected to be most facile.



(c)

(ii) the overall spin anguler momentum should not
be altered,
the process of electron traunsfer itself. If the reagent
conplexes are sufficiently close aré of suitable symmetry,
such thet there is some interaction between the orbitals
involved in slectron tronsfer, then the probability of
alectron transfer would be essentially unity. The reguirement
of orbital Gverlep cen be reclated to the orbitals of the
reagents, This would suggest that in octahedral complexes,

t, electrons might be more easily transfecred than e

2g g -
electrons which are in orbitels directed along the metal-
ligand axis.

In order to establish that an outer-sphere or
non-bonded electron transfer cen occur from an organic
compound to a metal oxidant, it is necessary to choosc a
suitable model system in which the probability of non-bonded
mechanisn would be a maximun, and that of the competing
bonded proces$ a minimMm. The oxidant should be so chosen
such that it possesses ligends which are slow or difficult
to replace. The organic substrate should be so chosen
such that it is not likely to displace ligands from a metal
ion complex. Examples of such exchange-inert oxidants are
the iron (III) tris-o-phenanthroline complex (4), Ir 0162’
ion (5), Mn (III) tris-acetylacetone complex (6), ceric

ions (7), and the hexacyanoferrate (III) ion (8,9).



In the reactions of one-equivalent oxidants with
organic substrates, the most frequently encountered oxidation
process would seem to correspond to an electron transfer
between substrate and oxidant, accompanied by the breaking
of a C-H bond and loss of a proton to give a substrate

radicel as for example (1C):
Co (III) + CHgCly ~—>Co (II) + c6:.ﬂ1,3(':1912 +8Y

It would therefore be expected that the loss of a proton
would be slower tnan electron treznsfer, arnd hence would

correspond to the rate determining stepe

The presence of radicels may be inferred by their
oxidstion or reduction of added inorgenic ions, or by their
ability to cause polymerisation to occur with added monomer,
as for exanple, acrylamide or acrylonitrile. If the radical
is presert in sufficiently high concentrations, its presence

can be detected by electron ssin resonance spectrogcopy.

Although the radical nay undergo many other procasses,
it is most probable that in thz presence of an excess of
oxidant, the radical will be oxidised further., BExamples are
known where the mein mechenisms of this step may be: (a) a non-
bonded electron transfer (conversion of a neutral radical to a
cation), as for eoxample the oxidation of 2,6-dimethiylphenol
by hexachloroiridate ion (5), and the oxidation of hydro-

quinones by ferric iomns (I1); (b) bonded electron transfer



or the transfer of a ligand from the osidant to the radiczl,
as far exsmple, the reduction of xr01§' by Cr2+ ions(12);

(c) redox substitution, in which the radical rémains attached
to the complex, as for exaiple, the phenylation of the
ferricenium complex (13,14); (d) redox addition,-wbere the
radical remains attached to the complex, as for example, thae

recction of hexacyanoferrate (III) with isobutyraldehyde(15).

Oxidzstion of organic substrates with potassium

hexacyanoferrate (IIL).

Potassiua hexacyanoferrate (III), K3Fe(CN)6, is-
escentially a substitution-inert trapsition metal complex
(16) . It does not exchange its ligends at a rats fast srough
to complate with repid electron trznsfer. Therefore,
oxidations by hexacyanoferrate (III) ion occur by means of
2 non=-bonded electron transfer or outer sphere process, whzareby
an slectron is transferred fron the substrate to the metal
ion through the cyano ligend.

In acidic medium, potassium hexacyanoferrate (I111)
has been used for the oxidation of sulfur containing compounds
(17-25), toluene and substitutad toluecnes (26-29), diphenyl-
methane arnd triphenylmethane (30), fluorene (31), ursaturated

systens (32-33), end polynucléar systems (34,35).



In alkaline medium, potassium hexecyenofsrrate(III)
hes been extensively used for the oxidation of various kinds
of organic substrates such as aldehydes (36-40), ketones
(36,37,41-47), alcchols and diols (48-61), sulfux compounds
(62-69), acids (70-81), sugars (82-85), hydrazines (86-89),
acyloins (90-92), As (III) 93-95, hypophosphite ($6,97),
hydrocarbons (98), phenols (99-116), amino acids (117-119))

amines (120-127), and the 10-methylacridinium cation (120).
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SCOPE OF THE FRESENT INVESTIGATION

The present investigation is a detailed kinetic
prove into the oxidation of verious organic and inorgeniec
substrates by potassium hexacyanoierrete (III) in alkaline
medium, at congtant ionic strength, in sgqueous methanol,
under a nitrogen atmosphere. The organic sulfur compounds
have been oxidized by potassium hexacyanoferrete (I1II)

in acidic medium.

The purpose of this kinetic investigetion has been
to attoupt to extend the scope of this extrenisly efficiont
and versatile one-electron oxidizing agent, potassium
nexacyanaferrate (III), in alkaline and acidic media,; and
to explore and establish nmochanistie patiaways of reactions

involving the oxidation of nitrogen and sulfur compounds.

t

The purpose of the present study wass
(1) to study the kinetic features of the oxidation of
nitrogen and sulfur compounds;
(2) to demonstrate the useiulness of potassium hexacyano-

ferrate (III) as a reagent which can bring about the

follovwing kinds of reactions;
(a) oxidative dealkyletion of aliphetic amines;
(b) oxidative coupling of arowatic amines;

(c) Oxidation of N-alkyl side chains of aromatic

anines.,
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In the present investigetion, the subsirctes

chosen for the purposes of oxidation by potassiunm

hexacyanoferrate (III), in slkeline medium, have ineludad:

i,

2,

3.

4.

Aliphetic amines (methylamine, diasthylamine,
trimethylanine, ethylamine, diethylanins,
triethylanine)

Lronatic anines (aniline gnd substitutsd aniltines, .
banzylonine and substituted bensylamines, diphenylanine
and substituted diphenylamines, Nemathylaniline,
N-ethylaniline, N,N-dimethyleniline, N,N=diethyleniline).
Inorganie sulfur compounds (8ulfits, metabisulfite,
dithionite, thiosulfete and thiceyanate)

Organic sulfur compounds (thiomalic acid, thioglyeolic
acid, thiophenol). The oxidation of organic sulfue

conpounds has been farried out in acidic madiun.

&1l the reactions have been carrisd out undor

nitrogen atmosphere, 80 as to ensure ths absencz of eny aerial

oxidation.

For sach oxidation reaction, the stoichiocmetry

of the rsaction has bzen determined. The conesntrations

of the substrate, oxidant and alkali {or acid) have bgen

veried, and the effects oi these variations on the reaction

ratds have been studied. The solvont compoesition has been

varied, in order to study the effect of dielectric constant
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on the rate of the reaction. Changes in the temperature of
the reaction nedium have been made, and the activation
paranecters were evcluated, Veariationg in the ionic strength
of the medium, changes in the concentrztions of added
hexacyanoferrate (II) ions, the addition of salts, and the
effect of added produet on the retes of the reactions

have been studied, The yvesence of radiecal intermediates
hes been detected and cheracterized by BRSR spectroscapy.
For each reaction, the products have been isolated and
characterized by analytical and spectral methods. The
mechanistic pathwey for cach reaction has been suggested o
and the presence of radical intermediates has been confirmcd
by BSR spectroscopy, polyuaerization resctions, the Hammett

plots and kKinetic isotope effects.
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PURIFICATION OF MATBERILLS AND PIBFPLILIION OF COMPOINDS

Conductivity Yater:

Conductivity webter wes preparec by taz £ollowinhg

metnhod: tap water was distilled first with alkeling potasCiur

permenganate and then radistillad with Merck "Pro Lralysi™.
sulphuric acid fror an all-glass vessel., This senuple of
double distilled water was Ffurther distilizd from an

-

all-guartz vessel {Sunvic, U.K.). The corductivity waier

l.d

thus prepared was utilised Ior ths preperation of all tae

solutions used in ths kinetic determinations,

fethanol

v

tetnanol ( B.lerck ) wes distilled before uge
o)
( bp 65°C ),

Sodium hydroxids:

B. Merck seizple wWes usad.

Potassium hexacyenoferrate (III):

T T,

. Merck seaple was ussd,

Potessium hexacyanoferrate {(I1).

E. llerck sample wes usad,

Potassium Cihrloride

3D (4R) grafe sempls was used.
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Sodium perchlorate:

Sodium pasrchlorate was prepared by neutralising
70% perchloric acid (B, Merck) wita sodium hydroxide {E.Merck;.
The solution was concentrated, When crystals of sodium
perchlorats were obtained. Thz crystals wers filtcered, and
recrystallised from water. The recrystallisced product was
dried over silica gel under vacuum., This sample of sodium
perchlorate was used for the preparation of stock solutions
which wers ecmployed for meintalining the idnic strongth of the

mediume.

Substrates

Methylamine (30%, W/v), dimethylamine (40%,w/v)
ané@ trimethylamine (30%, w/v) were SD's samples. Ethylaaine

(40%, w/v), diethylemine ard triethylamine were SD's samples.

Aniline and the substituted anilines, N-methylaniline,
N-ethyleniline, N,N-diwmethylaniline, N,N-diethylanilinec,
benzylamine and the substitutzd benzylamines, diphenylazins
and the substituted diphenylamines were all B. Merck samples.
Thiomaelic acid was an SD's semple. Thioglycolic acid and
thiophenol were B, Merck samplss. Sodium sulfite, sodiun
thiosulfate and sodium thiocyanate were SD's samples. Sodium
dithionite and potassium rietabisulfite were obtained from

Loba Chemicel Co..
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A1l the substrates were purified by distillation
or crystallization until thcir boiling points or melting
points, respectively were in agresment with literature values.
The purity of sach of the substfrates was checked by spectral
analysis,

All ir spectra were recorded on an IR-297 )
(Perkin Blmer) spectrophotometer, uv spectra on en UV-26
(Beckman) spectrophotometer, nmyr spectra on an EBM-390 (Varian)
90 MHzZ NMR spectrometer, and esr spectra on en B-4 (Verian)
BPR spectroneter.

The boiling points, melting points and thc
spectral data obtained for each of tho substretes used, care

sutmerised in Table 1.

TLBLE 1

Boiling points

Substrate Meltigz Points (°C) v (=) *
(1) : (2) (3)
Methylamine 30%, Ww/v 190 (M)
Dimethylamine 0%, w/v 188 (1£)
Primethylanine 30%, W/v 192 ()
Bthylamine LO%, w/v 177 (M)
Diethylamine 56 (bp) 194 (1)

Priethylamine 89 (bp) 196 (M)
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(1) (2) {3)
dniline 184 (bp) 230 (H)
p-enisidine 57 {zp) 232 (cH)
o-apisidine 225 (bp) 237 (c&)
p-toluidine 42 (zp) 236 (M)
o-toluidine 200 (bp) 233 (M)
n-toluidine 203 (bp) 238 (1)
p~chlorocaniline 232 (bp) 296 (i)
o-chlorosniline 208 (bp) 290 {cH)
m-chloroaniling 230 (bp) 292 (¥)
p-mitroaniline 148 (op) 228 (&)
o-nitroaniline 72 (up) 231 (&)
m-nitroaniline 1is (op) 235 (4)
Benzylanine 185 (bp) 265 (i0)
p-nethoxybenzylanine 236{ bp) 254 (M)
p-methylhenzylamine 204 {bp) 270 ()
n-metihylbenzylanine 206 {(bp) 250 (M)
n~-nethoxybenzylanmine 141 (bp) 245 (M)
p-chlorobenzylarine 109 (bp) 291 (M)
n~-chlprobenzyleamine 89 (bp) 288 (M)
p-nitrobenzylamine Lo {op) 275 (M)
m-nitrobenzylanine 65 (rip) 260 (M)
Diphenylamine 54 (op) 208 (15)
p~anmincdiphenylamrine 66 (mp) 286 (M)



(1) (2) (3)
p-rethoxydiphenylamine 105 {mp) 284 (&)
p-methayldiphenylamine 293 (bp) 206 (&)
c-nitrodiphenylamine 114 (mp) 265 (&)
p-nitrodiphenylanine 133 (mp) 258 (I9)
N-methylaniline 196 (bp) 293 (M)
N-cthylaniline 205 (bp) 295 (M)
M,N-dinethylaniline 194 (bp) 205 (&)
N,N-diecthylaniline 216 (bp) 258 (M)
Sodiunm Sulfite 150 (=p) -
Sodium thiogulfate 48 (mp) -
Sodium thiocyanate 287 (mp) -
Sodium dithionite 52 {mp) -
Potassium metabisulfite 190 (mp) -
Thiomalic acid 154 (rp) 228 (A4)
Thioglycolic acid 126 (bp) 240 (cH)
Thiophenol 169 (bp) 236 (cH)
* 4 = &lcohol;

M Mathanols

H = Hexane:;
i0 = Iscoctane

-

c¢Hd = cyclohexane
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Xinetic method:

All tno standerd fleasks end reactlon vessels warc
of pyrex glass with well-ground stoppers. The recction vessel:
used were stoppered conical flasks which Were painted bleck

n the outside to prevert any photochemical change. 411 the
glass apparatus used were tested for loss of solwvent, and the
loss was found to bhe negligible., The standard flasks, reaction
vessels and the pipettes used wore stendardisced, using
confuctivity water, and the correction was found out and
applied.

&n electrically opvercted thermostatic water-beth
was used, It was provided with scufficient thermal legging,
suiteble heaters end stirrers with proper ccoling arrangencutc
for comtinuous work. 4L Xylene~filled regulator, working in
conjunction with an electronic relay, was uscd to neintain
the rejuired temperatures accurately, with fluctuetions of
not nore than + 0.1°C. The temperatures wer® recordad by
nmeens of an accurate sensitive thermometer, reading to temths
of a degree. The bath-liguid was water, covered wWwith a layor
of liquid paraffin to minimiss evaporation of water and 10S©

of heat due to radiation.

Spectrophotometers:

For absorption measurcments, tie spectrophotometers

used were (&) Digital specirophotometer type 106, MK II model
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(systronics), and (b) UV-26 (Beckmen) UV-Visible spectro-
photoneter.

(2) The MK II model {Systronics) spectrophotometer was a
single beam spectrophotometer having a greting of 600 lines/mm,
and a wavelength range from 340 nm to 960 nm. The nowinal
spectral slit width was 20 nm, constant over tihe entirses
range. The full scale deflecticn could be cobtained over

the wavelength range of 340 nm to 600 nm. By the addition

of a red filter and interchanging of the phototube, the range
could be extended to 960 nm. In order to ensure maxirum
sensitivity of the instrument, and to minimise the errors in
measurerients o0f optical density due to fluctuaticons in
voltage, the spectrophotomster was connected to the nains
through an external voltage-stabiliser, This wes in additicn
to the in-built voltage-steb-iliser within the instrument
itself. The light source was & 15 watt tungsten lamp operatcd
by & regulated power supply. Tire instrument was calibrated

as specified in the instruction manual, cover the range of
concentrations of K2Cr04 in KOH solutions, so as to verify

Beer's law at 370 nm,

(b) The UV-26 (Beckman) UV-Visible spectrophotometer was a
single nmonochromator, heving a filter-greting of 1200 liues/uil,
and a wWwavelength renge from 190 to 600 nn. This spectro-

photometer had a thermostatic control arrangement and the
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absorbance value was displiaysd directly on the digital
displey and on the recorder. Paoctometric linearity wag
checked over the range of concsrirations of XoCr0,, in XO=
.

gsolutions, as specified in the instructicorn nanual, 50 as

to veriiy Beer's law at 37C nz.,

Lbsorption cells:

The absorption cells wers of 'Corning' glass eand of
8 ml carecity for tns spectrophoto.ster 106 MK II modsl
(S8ystronics). Quartz cells of 5 nl capgecity werz ussd for
spectral deterainations with the UV-26 spectrophotometer
(Beciman). ALl the cells used were thorougahly cleanszd by
agueous ethanol and acetone, and dried neforse they Were uSed
for tae gpectral measurenents. ALfter the trancfer oF the
solution to the cell, cars was vakXen to See that no solusion
adhered to the outer surface of the csll., During the
measurements, the cells Wers coversad.

Solutions of hexacyaroferrate (III) in methanol -
water mixtures (60-4C to 75-25% v/v) were prepared. The
absorvance of eac: of these Solutiorns was scamnzd over the
range of wavelengths from 350 nm to 7C0 nm. Phe zeximunm
absorpbtion in each case wet located at 420 nm {(Fig.1i). 4t thic

wavelength of 420 nm, thz absorption due to Fe(CN}é_ has besn

joh}

£ k) . - ] n 4
observed to be a weximum (1), the absorption Cus to Fe(Cﬂ}6

being neglifgible (2).
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Fig. 1 Plot of absorbance against wavelength (nm)
of Potassium Hexacysnoferrate(III),

(Determination of maximum absorption)
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Density
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0.0 P N .
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Concentration of XPe(CN)g [ 10% x M7

Fig, 2 Verification of Beer-lambert's Iavw.
Plot of concentration against optical
density at 420nmm .
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-

&t 420 nm, Beer's law wes obeysd over t.ae range o

P

L

concentrations of solutions used. & typical grapa of the

ostical density agzinst the corcentration of Fe(CN)é_ is
shown { Fig.2 ).
In t2is investigsbtion, ell the optical dencity

measursments Were carrizdé out at a waveslength 0 420 nm.

& krown apourt of the substrete was weighsd
accuretely into & 10 11 standard £lezsk cnd mede up wWith the
rsauvisite guantities of oethanol and Water, S0 a8 to make ihle
rejuired wolar solutiorn. Potassiua hexecyanoferrvate (III)
wes accurately weighed out into a 1( 11 standard fleeX and

digoolved in 2 Szall volune of water. Whe reguisite amowrv
of sodiwa hydroxide solution, wrose strength hed bzen
deternir.ed was added to maiﬂtain the regulred a2l%Zelinity.
Sodiun verchlorete (or potascium chloride) wes-addsd so es 1o
uaintain a comstant ionic strengti of the medium. The solutiorn
was tinen made ug in metharol and water. Sufficiert time Wag

-

1lowed to coupensats for azny change of heat during dilotion.

o
\_d
[}

+3

{

‘he two reacvant soliutions were seperately thermostatad at the

rejuirsd teawgerature For 3 hours, under a ritrogen atzosghers

-

he soluticmSwere vhen mixed in ejual volumss. The reaction
mizture wWes homogereous througiout the duration of the

reactiocon.
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The progress of tha rsaction was followed by

observing the

Readlings were texen at reguler int

the dacreesSe in optical darmsity at 420 nm, spectrophotometricelly.
L1l the Zinetic experinents were carrizd out in

duplicate or in triplicete,; anc the rete constents wiich Were

deterninzd wers found to be reproducibls to within +%%.

Calculcetions;

(2) zate constentc:

For all the %inetic detsrmiretions, pseuto-first

[

order reaction conditions have Been u5ed, Wiasrein the

E
]

©

concentration of tae subStrate 2:28 besn taks

o
=

in a very Large

2xcegs over that of ths comcentretion of the oxifant.

Phe pssudo-first ordsr rate corctent, kobs’

~1 - - . -
expressad s sec , Were celculated from the ejyuation (3):

ceene (3)

(@]
o
]
ct
H
$]
&
)

®

waera DO Wwas tae initial opticel density 2% thé reactior

mixture, and Dt wgs tle opticel demsity at tiwuwe, t.
1

Ths logarithnic plotc of opticel dencitics against
tine were linear, and extrapolation to zero tise geve tha

values of Do.
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Tae valuss 3% thaz oecond orler rate comstant,
.o.=1 -1 ¢ e s s .
kz s expressged in M s ~, were computel vy Lividing the
. . -1
pseudo-first order rate constent ( % 277 ) by the

411 valuss of rate cowbtents were the evereage of

WO or hore experinents, witl egresaent being within i3%'

(b) Thermodynamic activation perameters:

These pavameters wWwere deter.ined from a stuly of
the effect ¢ temperature on tae rate of the reaction.

The various pareucters leve vesan celculated as
follows:

(1) Lctivation snergy (B)

From the linser plot of log Robs ageinst the
raciprocal of tsuporeture (),

B

slope Eﬁ?ﬁ?ﬁﬁ

E = - slope x 2.303 R ( &J mo1™ )

(ii) Frequency factor (&)

_ -B/RT
kobs = 4 e

L == E
1og & = 10g kK yo + 3355 BT

(iii) Enthalpy of Lctivatioh ( AH * )

+
AF7 = B - RE
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o
(iv) Bntropy of Activation (.£§S'7" )

- TLFF
- KE & /K A "T# m
Eops = B © L g e / AT

e n F
O
AS T = 2,303 R [ log Ky + gmpyaw - 196 j
where kK 15 the Boltzmann constent, =nd b is the Planck's
constant.

Stoichiometyy:

-,

Resction mixtures cornteining the substrete and an
excess of hexacyanoferrate (III), taken 1in a known solvent
couposition of methanol and Water, conteining tae reiuisite
snounts of sodium hydroxide and sodiua percihlorate, Were

aliow=2d to react to completion at a particular temperature.

The hexacyanofercate (IIL1) waich wes left, was analysad

D

[ I
sp

ctrophotometrically at 420 nu. The individual stoichiocletrice

Q

equatiors are shown glong With the reactiorns of sach of the

substratess wita the oxident.

Product 4nalysis

(1) Products obteined from the oxidation of methylanine

and dinethylamine

Stoilchiometric auourts of substrate end oyxidant

solutions, teZXen inm 0.1l NeaOd ( ionic strength edjustsd to

el

o))
m
"
i3
[0
2]
<
w
=
O
s}

0.5 I by the addition of MNaCl0, ), were pixed
s (8} . . - - o
h at 60 C. The reaction mixture was cooled, extracted with

ether, driasd over anzydrous MgSOQ and then concentrated.
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(1) Product fron the oxidation o5f metaylemirne

Spotting on TLC plates, usirg venzene as dave

1
geve e cingle snot. Tae product obtained was formexide (bp 240

2

yield ~~ 75-80%) . This product wes cizracterizmasd
(11~297, Perzin Bluer), waica g
160G, 1400, 1320 and 1050 cm )

Varian) in acetone, gave peaks at 7.6 T end 8.0 .

(ii) Product froca the oxidetion of dimethylamine

Spotting on TLC rlatec, using bsnzaene &8 the
developer, gaeva a single spot. Thz product obteined wes
forayluethylasnine ( bp 182°¢c, yigld ~75%) . This product wes

herectarized by IR analysis (13i-267, Perkin Tlmer), which
geve pecks at 3300, 3030, 2860, 1670, 15%0, 1396, 125G, 1150

end 960 cm'i.

(2) Procuct obteined from ths oxidetion of trimsthylenins

Stoiclhiowetric azourts of ths substrats (1 m0l) end

for 3h at 66°C.

3

el

eata

je
b

1CL

t

oxidant (4 mol) solutions were aixed o

.

Toa reaction rixtur:z was coolzd, extrects

()
n

with stnrer,
concentrated end driszsd over anaydrous Mg8049 to givzs trs
product, forayldimethylemine ( yield ..~ 75% ). This procuct
wag ciaeracterizad by bp(iB&OC) and by IR ernalysis (I2-297,
Perkin Rlmer), which gave peeks at 264G, 1670, 1490, 1430,

1360, 1250 and 1090 cn"i.
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{3) Products obteimesd from tre oxidation of ethylazine

- -2 .
Solutions of substratzs (5xi0 “M) end oxident

~ . . 2O . .
(510 jM) were mixzd and kent 2t 35 °C for 24h, under nitrogen.

Tre evolution of emmonie was datescted by the Nesslar's reegent

test {4 a).

5 ml of tns reaction aixture, possessing an
aceteldenhyde odour, wes mixed with 10 =ml of O;%% dimsdons
solution buffered to pH 5.0 with 0.2 £ acetate. Within & faw
minutes, a precipitate of the dimesdore derivatiwe of acetal-
dehyte wes formed. This derivetive wes recrystellized from
etianol ( yield »~ 75%; mp. 121°Cy 1it. velue, 140
This derivative was converted to the anhydride by hoiling it
{06.2g) for 3h in a aixture of 7 al etharol and 10 =l of
1N HC1l, and later diluting wit: 20 ml 5% weter (mp 175°C, 1it.
velne, 175-176°C).

(&) Products obteinsd from the oxidetisn of diethylemire

o
- - - . = s 5
Solutions of substrats (5 x 1077 ¥) and oxidant

t -'F b : e -, ~ O -
(5xi0 3 M) were nixed end Zept zt 35°C for 24h under nitrogen.

b
®

The resaction mixturs, vo95esoing ar cceteldenyte odour, wWes
diviczd into 3 parts:
(1) 5 a1l of the resction wixture wWas mixed with iC =l of

G.%% dimedone solationm buffered to pid 5.0 with €.2 U

Fh

ecetate. L precipitate ol the disedome derivetive o

acetaldenyds wes foroad., Thic derivativs wes recrystallized
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from pthanol ( yield ~-75%; mp 1%1°C, lit. value 140°C).
This derivative was converted to the anhydride by boiling it
(0.2g) for 3h in a mixture of 7 ml ethanol and 16 @l of
1N HCL, and later diluting with 20 ml weter (mp 175°C, 1lit.
velue, 175-176°C).

(ii)the picrate derivative of ethylanine was prepared, and

recrystallized from wethernol as yellow prisms (ap 16500);

(iii) 5 ml of the reaction mixture was acidified with 2 ml of
2N HCl, =nd then eveporated &t reduced pressure to a white
solid, smelling faintly of eacetaldsbyde. Thge soiid was
distilled from 50% NaO=E (10 =2l) into ethar, and evaporetad
at reduced pressure to a white solid rwsidue, etaylapmine
hyarochioride ( mp 227°C). The IR spectrum (IR-297, Perkin
Blmer) of this sample was identicel with that of ethylamine

hydrochloride (6 a).

(5) Products obtained from the oxidation of trietaylamine

Solutions of substrate (5x10—2M) end Oxidant
(5X10—3M) were nixed and Zept at 35°C for 24h, under nitrogen.
The reaction mixture, possessing an acetaldechyde edour, wWes
divided into 3 parts:
(1) 2 m1 of the reactior nixture was mixed with 5 wl of cold

water. This solution, on testing for acetaldehyde by the

p-phenylpihenol-sulfuric acid test (7), exhibited a strong

positive reaction, not obteinsd with a trietnylamine blamik.
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(ii) 2 ml of tho reaction mixture was mixed with 5 ml of
O.4% dimedone solition bu.ferad to pH 5.0 with C.2K
acetete., 4 precipitets of the dimedons derivative of
acetaldenyde was formzd, which wes recrystallized
from ethanol (yield ~ 75%; mp 141°C, 1lit. value,
140°C) . This derivetive wes comvorted 0 tae enhydride
by boiling it (C.2g) for 3h in o nixture of 7 nl ethanol
and 10 ml of AN HCL, cnd leater diluting with 20 ul
water (zp 175°C, lit. velue, 175-176°C).

(iii) 5 ml of the reaction mixturce wes acidifisd with 2 -1

of 2N ZCl, and then cveporated at redaced precsure

o

to a wioite solid, cmellirg faintly of acsteldeayde.
The solid wes distilloed frow 50% NeOd (10 1) into
‘Rther, and evaporated &t reduced pressure to a write
golid residue, dietnylacine aydroecaloride (p 22700).
The IR spectrunm (IR=297, Perkir Flwmer) of thisc semple
Wwas identical with that LI Gietaylawine hydrochloride

(6b) .

(6) Product obtairned from tie oxidation of aniline

Stoicniometric c.uouzntc of substrate and oxidant)
digeolved in agueous .etaancl (30w, v/v), covtaining NaOZ
{(C.025M) end the ionic strengta adjusted to C.31 by tha
additiorn of NaClOQ s Were nixced and kept a2t 3500 for 2kh, under

nitrogen. Thae solvent wes rasmovel, and tne reSidus extracted
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with hot benzene. The cooled benzene oxtract was fLiltered,
concantrated, and caronctographed on alusina, using denzcne
for élution. The product, obteinsd in about 80-85% yield

s arenge red crystals, was identifiocd amnt cheracterized os
ezobenzene ( mp 68°C; IR bends at 1560, 14¢0, 146G, 1300,
1220, 1160, 1080, 1020, 930 and 750 cm ).

(7) Product obteined from the oxidetion of MN-ietayleniline

Solutions of the substrate (1xi0—2M) end oxident
(1X10_3M), teken in egpeous methanol (60%, v/v) containing
NeOZ(0.01 M) ond KCl(ionic strength adjusted to 0.1M), were
nixed and kept ot 35°C for 24h, urder nitrogen. The solvont
was renoved, the residue vos wesaed witn dilute HCL, and
tiaen concantratced. The crude product obteined was distilloed
under pressure. The distiliste weas crystallized from o 1:1
wixture of toluener and petrolews ether at 0°¢c to give the
product, formenilide (yicld ~70%, rp 5000). The product wes
identified by IX eanelysis (6¢), zrd by IPR anclysis in
CCl,, which geve peeks &t 6.8 % (ercactic protons), 3.8 5
(-7 proton ) and 9.5 & (formyl proton) with reletive

intensities of 5:1:1, respectively.

(3) Products obteined froo the oxidetiuz of N-sthyleniline

Solutiors of substrets (1x107°M) cné Oxident
(1x10_5M), teden in agueous metiandl (60%, v/v), containing

Na0OZ(0.01 M) and XCl (ionic strength adjusted to 0.1 M),
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Wwere mixed znd kept at 35°¢ for 24h, undcr nitrogen. The
golvent wes reonoved, the residue was washed with dilute

4Cl, and then concentrated. The crude product was distilled
under reduced prassure. The distillate was crystailizesd fron
a 1:4 mixture of toluene and petroleum ether at GOC to give
thae product, formanilide (yield~-70%, up SOOC), identified by
IR enalysis (6c} and by MR anclysis in CC1, which ggve

pecks =t 6.8 4 (exomatic protons), 3.8 & (N-H proton) and

$.5 % (formyl proton) with reletive intensity signels of
5:¢1:1, respectively.

The sccond product (yisld ~10%) Wes cheracterized
as formaldehyde, which existed in water largsly as the hydrate,
CHZ(OH)z. IR analysis did not show any carbonyl band. On
evaporation of the agueous sovluation cof formaldehyde, a solid
residue was left nehind, which, on recrystallization fron

other, gave crystealline needlss of 1,3,5-frioxane (ap 64°C).

(9) Product obtzinsd frox the oxidation of N,N-dimsthylaniline

Solutions of the subsirate (1x10"2M) end oxidant

(1 x 10"3

#4), teken in ajueous metinanol (60%, v/v), contain-
ing NaOH (C.01 M) and ¥Cl (iomic strenzth adjusted to 0.1 M),
Were mixed and kopt at 35OC for 24h, under nitrogen. The

solvent wes removed, the residue was washod with dilute HCL. ,

and then councentrated. The residue wes distilled (yizld ~ 75%),

and identifisd as the N-acyl derivotive, MN-methylformanilide
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(bp 243°C). The gtructure was confirmed by (a) IR anelysis
(IR-297, Perkin Blmer) which gave bands et 2940, 1670, 1550,
1400, 1450, 1350, 1270, 1110, 1090, 1030, 980 and 760 om™ ;

(b) UV enalysis (UV-26, Beckmen) in nethanol, gave an absorption
band at 235 nn; (¢) MMR enelysis (EM-390, 90 MHz) taksn in

CCl,, gave peaks at 6.8 & (aromatic protons), 2.8 5 (uethyl
protons ) and 9.5 % (formyl proton), with relative signal

intensities of 5:3:1, respectively.

(10) Products obtained frou the oxidation of

N,N-dietaylaniline

Soluticns of the substrate (1x10“2M) and oxidant
(1 x 10‘3M), taken in aguecus methanol {60%, v/v), conteining
N¥e0Z (0.01 M) end KCl(ionic stremgth zdjusted to 0.1 M), were
nixed and Xept at 35°C for 24h, under nitrogen. Thne solvent
wes removed. The reaction mixture, possesging an scetel-
denyde odour, was divided into four perts:
(i) 2ml of the reeaction wuixture was mixed with 5 ml of
cold water. This solution, on testing for aceteldehyde
by the p-phenylphenol-sulfuric acid wmethod (7), exhibitzd
é strong positive recction not obtainad with a
N~diethylanilinzs blan¥%.
(ii) 2 ml of the reaction mixbure wes mixed with 5 nl of
O.4% dimedone solution buffered to pH 5.0 with 0.2 M

ecetates A precipitate of thé dionsdone derivetive of
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\ .
acetaldehyde was formed, which wes recrystallized from

. ethenol (wmp 14100, lit. value, 14000). This derivative was

)

convertad to the anhydride by boiling it (0.1ig) for 3h in
nixture of 7 ml ethanol anid 10 1 of 1N HCL, znd leater

diluting with 20 =l water (ap 175°C, 1it. value, 175-176°C).

(iii) Charecterised as formeldehyds, in its hydratesd form,
CHz(OH)g. IZ anclysis did not saow any carbonyl band., On
eveporation of the agueous sclution of formeldehyde, a solild
residue was left behind, waich, on recrystellizetior froo

ether, gave crystaliine nesedles of 1,3,5-trioxanc {ap 6400).

(iv)distillation of product afforded material which on crysta-
1lizatio? from a 1:1 mixture of toluene znd petroloum ether
at 0°C gave formenilide (zp SOOC), identifizd by IR analysis
(6c), and by NMMR analysis in CCl, which geve peaké at 6.8%5
(eromatic protons), 3.8§§(N<H proton) and 9.52;(formyl proton)
with relative intensities of 5:i:1, respectively.
The yizlds were a8 followg: formanilide(~w70%),

aceteldehyde (rvi0%), formaldenyde (~10%).

(11) Product obteinad fros the oxidetion >f diphenylanine

Solutions of substrate (1x1C 2H) end oxidamt
(1x10—5M), teken in egqueous methanol (70%, v/v), containing

NaDZ (0.1 M) and XCL (icnic strength adjustad to C.1 K), wWere

24 h, The reection mixture wes coolcd, FTilterzd and
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concentrated. The residue was axtracted with chlorosforn,
dried over anhydrous NaQSOQ, end then concentrated. TLC
enalysis of the residue, using benzenz as the Geveloper,
gave a single spot. The product, obtained in about 80%
yvield, was characterized bWy  mp (14700, decouposes), IR
enalysis (64), and by uv amalysis‘(6d) in dioxan which geve
% peek at 295 nm. The product sample was confirmed to be

tetraphenylhydrazine.

(12) Products obtained from the oxidation of benzylamine

Solutiong of substrate (1.0 M) and oxidant

(ix10"2 M), taken in agueous methanol (60%, v/v), containing

NaOH (pH 12.0); and XC1 (ionic strength adjusted to 0.i ¥),

were mixed and kept at 60°c for 24 h, under mnitrogen.

(1) the evalution of ammonia was shown by partial distiliation
of the reaction mixture. The ammonia formed wag absorbed
in an excess of standard acid (0.1N HCl). The excess of
acid was then back-tilrated (against base) in the presence
of methyl red indicator (4b).

{(ii) The reaction mixture was treated with chloroform, the
organic layer wes washed with water, dried over anhydrouc
MgSOQ, and then concentrated. Spotting on TLC plates gave
& single spot. IZ enelysis exhibited a carbonyl beond
at 1700 cm_1 and other bands .that were characteristic

of benzaldehyde.
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(1ii) The resction mixture was treated with an acidic solutic.
of sodium bisulfite, and cooled in ice. 25 ml of
2, 4-dimitrophenylhyarazine solution (0.05 M) was cdded,
and the mixture allowed to stand overnighat at 0°C. The
solid compound formed was filtered, dried and weighsd
as the 2;4-dinitrophenyl hydrazone derivative of

benzaldehyde ( mp 237°0; vield ~ 80%).

(13) Product obtained from the oxidation of thiomelic acid

Solutions of substrete (1x10‘2M) and oxidant

(1 x 10‘3m), teken in 0.1if HCL (ionic strength adjusted to
0.05 ¥ by the addition of XCl), were allowed to react at 35°C
for 24h, under nitrogen. 4b tac end of the reaction, the
solution was extracted with ether, washed with wegter, the
ether eveporated,; and the riosidue refluxed with toluene for
ih. On concentration of the toluecne solution and cooling
overnignt, crystals of the disulfide product, dithiodimalic
acid, Were precipitated, which were re-crystallized from

ether ( mp 16700; yield ~75%) .

(14) Product obteined from the oxidation of thioglycolic acid

Solutions of substrate (0.1 M) and oxidant (1.5x10—3ﬁ>,
taken in 0.1iM HCLl (ionic strength adjusted to 0.05 M by the
addition of KC1) were mixed, and allowed to react at 35°C
for 24 h under nitrogen. The precipitate formed was filtered

dried, and recrystallized frou ethanol to give the product,
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dithiodiglycolic acid (mp 108°C, vield ~ 75%).

(15) Product obtained frow the oxidation of thiophenol

To 2.2g (0.02 mole) of thiophenol, teken in 80%
metnanol (v/v), was added 3.3g (0.01 mdls) of hexacyanoferrate{IIi):
taken in 80% methanol (v/v) and 0.1M HCL (ionic strength
adjusted to 0.005M by the addition of KCl). The reesction mixturs
was allowed to stend at 35°C for 24h, under nitrogen. To the
reaction mixture was added 30 ml of 50% ajueous ethanol. The
solution weas Warmed to 3500, apd the etnanol layer weas
separatced. Waen the oily portion, insoluble in agueous ethenoli,
wes allowed to stand at room temperature (20°C) for 3h, 1.5g
of diphenyl disulfide seperated out. The product was
recrystallized from aqueous ethancl (mp 6100) end characterizcd
by IR and UV analyses. IR analysis (IR-297, Perkin Elmer) gevc
pecks at 3060, 1580, 1480, 1295, 1180, 895, 735 and 685 cm .
UV analysis (uv-26, Beckman) in 90% ethanol (v/v) gave an

absorption peak at 240 nm.

(16) Product obtained from the oxidetion of sulfite

Solutions of substrate (1:{1()"2 M) and oxident
(1x10—3M), taken in 0.1 NeOH (ionic strengta adjusted to
0.05 M by the addition of KCl), were mixed, and allowed to
react at 35°C for 24h, under nitrogen. At the end of the
reacﬁion, the solution containing the product was treated

with dilute sulfuric acid. Thae Qithionic acid was liberated.
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The solution was councentrated by evaporation, when SO2 was
evolved. This confirmed the formaticon of dithionate ions,

fronm the oxidation of sulfite by hexacyanoferrate (III).

(17) Product obtained from the oxidation of thiosulfate

Soluticne of substrate (0.5M) end Oxidant
(ixiO-BM), teken in 0.iM NaOH (ionic strength adjusted to
0.05 ¥ by the addition of KCl), were mixed; and allowed
to react at 35°C for 2uh, under unitrogen. At the end of the
reaction, the solution comtaining the product was nevtralized
with dilute sulfuric acid, and then trsated with a solution
of Hg(l) nitrate. 4 yellow precipitate was formed, which turned
black on heating, confirming the presence of tetrathionate

iocns.

(18) Products obteinzd from ths Oxidation of Thiocyanate

Solutions of substrate (2.0 M) and oxidant
(1 x 10"3M), taken in NaOH(p.SM), and KC1 (ionic strength
adjusted to 0,05 M), were mixed and kept 2t SOOC for Z24h,
under nitrogen. The reactign mixture was divided into two
parts:
(1) To 5 ml of the reaction mixture was added 25 ml of 0.1 M
AgNOB solution, and the mixture stirred. A white precipitet=z
of silver cyanide was formed, which wds filtered and dried.

The white solid, 4gCN, was characterized by IR analysis which
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showed the CEN strotching berd at 2155 e ), ppig was
coupared with the CE=EN stretching of an authentic sanple

-1
of AgCH which gave the band at 2151 cm ~ (8).

(ii) to 5 ml of the reaction mixture was added 5 ml of

0.1 N HCL znd 20 ml of 0.2 M Ba012 solution. A white
precipitate of BaSOk vas formed, which was filtered, washed
with weter and dried., The weight of thé precipitats of Ba SOLﬁ
wgs approxinatcly that expected from the initial concentratior

of the oxidant.

(19) Product obtained from the Oxidetion of metabisulfite

Solutions of substrate ( 1 x iO—QM) end oxident
(1x10_3M), teker in 0,1M NaOZ (iomic strength adjusted to
0.05¥ by the addition of KC1), were mixed and kept a2t 35°C
for 24ih, under nitrogen. The reaction mixture was treated
with dilute sulfuric acid. The solution wes concentrated by
evaporation, when 502 was evolved. This confirmed the
formation of ditoionate ions, f£rom the oxidaticn of

metabisulfite by hexacyanoferrgte (III).

Tests for Redical formation:

Most of the oxidetion reactions investigated were
cbsarved to proceed via radical intermediates formed in the
rate determining step of these reactions. Tho presenca of

these redical internedietes was confirmed by the following
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(2) Reduction of imorganic ions, R® + M(m'l)+

- RY + Bt . Mercuric caloride was easily
reduced by these radicalsg to insoluble mercurous chloride,
which was relatively inert towerds reoxidatieén by the

oxidant MY .

(b) Polymerisation of an added olefinic monomer, Such as
acrylonitrile or acrylamide.

4derylanide and the substrate were placed in the
lower part of a Thunberg tube (9), with the oxidant
solution placed in the upper portion of the tube. The systen
was evécuated, filled with dyy nitrogen, and then sealed.
The two solutions were mixed and allowed to stand at the
reaction temperature. After 30 minutes, there was the
formation of a white opalescence, indicating the formaticn

of a polymer.

ESR measurements

The presence of radical invermediates formed in
the rate determining steps of these r&actions was detected
and confirmed by esSr measuremnanis.

Using tite reguisite reaction conditions, the
radicals were generated {flow systeg}by nixing the substrate
and oxidant, by volume, in an esr sample tube just outside
the cavity of the spectrometer. The mixture wes placed u

high Vacuun, in order to expel dissolved oxygen, and the sanplie



tube wes placzgd in the cavity of the spsctrometer., Fhe
conditione For obtairnirng tha svectrur =2t roou teuperaturs

1lows:

h
(@]

Werzs a9
Scan range 4000 G, {iesld set 330C G, noduletion aJanlitude
6.3 G, microwave frezuency $.4% gdz , tine constant 0.% Sec,

scan vime 4 ain,
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CHAPTER 1

KIVETIC'S OF OXIDATION OP SOME
ALIPHATIC AMINTS

The mechemism by which a2 ome-electron oxidizing
agent reacts with amines in general, has been 2 subject of
continuing interest., The reactions of aliphatic amines with
a varlety of axidizing agents, have been of considersble
significance, both with regard to the kinetic aspects and to
the synthetic utility of such axidation resctioms.

BARLIER WORE

The oxidetion of amines cen be congidered to
occur either by a one—electron vprocess, or by a two-electron
process, In particular, smine xide or hydroxylamine formation
hes been taken as evidence of two-electron trensfer pathways
in amine oxidetions by hydrogenmr vperoxide (1,2), peroxyacids
(1,3,4), and ozome (1,5). Amine oxides and alkyl cleavage
products were predominant for the ozmizastion of aliphatic
amines (6~11), &n amine oxide appears to be a cmecial link
in the biogenetic interrelationships of many alkaloids (12-17)a
The point of oxidation of the vast majority of alkaloids 1is



tns cacvon avoim et 1o eitiers coulszd to o nitrogon or can
b2 placed in cloo: proxisitys €5 1v. Teceh of tue oxidized
groups can be derived frorm a carhinolamins, Wwalch ia turn

can be obteinsd from tuae rearraungeuszpe 5% on

The resrrangement of an zmine couide wo &

net

cerninotleni

caine oxide.

ne 10

s4i rearrengosent(18)
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The progtucts obtoinsd arc tro Zstors or alde
secondary amine.
The nercuric acstate oxidetion o

¢yclic tertizry eamines to snawmines wes ghown

). -

the concurrent two-electron reductiocon of

metellic mercury (19-28). Blsctron pair

28 the likely explanevion f tae oxidationo

or
amines by cyanogen bromide { 3C), agzusous

bromine (31),

O /
0
N C — s
{
JGe, end &

& veriety of

T0 occuar With
wmercuric ion o
trivsier wWas advenced

of vertiary

and
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nitrous acid (32). Terticry emines were oxidized to N-oxides
by t-butyl hydroperoxides at low texmpereatures in the prssence

of venadium or molybdsnum catalyst(jB,Bé).

The cone-eclectron oxidation reactions i amines
were attfibuted to hydrogen etom trandfer waich direcily
geve a nautral radical intermedicte capable of umdergoing

further oxidation (3538) or of coupling {39,40).

Aliphetic amines were oxidized by mangorese

©
o)

fale]

;—4

dioxide in nodédrate ylelds to itie coryeszponding carbonyl
 compounds (&1), and spectral evidence for an imine precursor
was reported (42). A series of tri-N-alkyl-amires, RBN,‘where
R = n—-C3H7 through ngQ7E15 geve the respective formemidese,

R N-CHO, in yields jimprovirng with an increase in the chain
length (36). Variation of conditicns for (n-C,H 9)
petter yields at higher temperatures (36). Tae oxzidatiocn was

3

obgervad to be via the cerbinolamine and encmine intarsediztes(31).

The oxifdation of aliphatic esmines by Mn(IiI) « sariiey
reportod (43).

dliphatic¢ emines hovs beesn cxidized by nermenganate
to a mixture of products. The recctiore were sometimes
incomplete ancd gaye & multiplicity of pyoducts. For example,
diethylamine was oxidized to & mixzture of ccetic acid,
arxnonia, ethanol and acetohydroxamic acid(44). & duelity of

mechanism was yreported in the owidatin of slipantic cmincs



with permangancte (45,46). Trislkyl-carbinyl amines were
oxidized by permanganate in agusous or acetome solution to

n

tertiery nitroalkanes in good yislds (47). The oxidetion of

e}

t-butylamine to tis nitro compound was much slower than ti
oxidation of trimetiylaminc, whorein the initial ettack
occurred at the C-H bond sdjacent to tas nitrogen atem{37).
The oxidetion of dinsthylamine by permengenate has bsen
reported (48).

ALliphatic amines were oxidized by ruthenium
tetroxide, tut the producta wers not isclated (49). ¥as
formation of intractedvle profucts 0L3bably resnlted from
tae  vigorous reaction whkich ensued Wasn a good reductant
(amine) was oxidized by a strong oxident such =28 rutheniux
tetroxide.

The oxidation of aliphetic tertiary aumines irn

benzene vy & variety of guinon2s were resctiongd of special

interzet beczuse of the colours producad which wWere useful
in cheracterizing these aninmes (50,51). The oxidation of
alirhetic emines with chloranil has bsen reportsd (5C,52).

Under very mild conditvions, the copversion of primary amines
to ketonse in high yields wes carried out with 3,5~di~teri-
butyl-1,2-benzoquinone as the oxidant (53).

-

Primary aliphatic eminess have been oxidized to tlue

nitroalier by meciiloroperbenzoic acid(3,%). The oxidation
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of aliphatic eimines by hydrogen peroxide, catalyzed by
sodium tungstate has been reported (2,54,55).

Benzoyl peroxide has been used for the cxidation of
aliphatic amines (50). The oxidetion of primery aliphatic
axines by nickel peroxide bhed yislded the nitrile (56) .

The oxidation of aliphatic amines by t-butyl-bhydroperoxide

wesS investigated under conditions known to promote free

radical oxidations (57).

The oxicdation of primary amines by N-bromosuccinimide
or N-chlorosuccinimide gave the ealdehydet or ketones (58,59).
The process involved the removal 0f two electrons for each
nolecule of amine that wés cxidizod, The amine was oxidized
to the imine, which on acid hydrolysis gave the carbonyl

derivative (58,59).

Argentic salts have been used to oxidize amines:
to aldehydes and ketones (60-62). Mesitoyl glyoxzl heS been

used for the comversion of primery amines to ketones (53).

Aliphatic amines were found to be relatively
inexrt to oxidation by lead tetraacetate in acetic acid solution
at moderate temperatures. However, refluxing in benzene solution
gave nitrilss from primery emines (63,64), probably by a
two-gtep dehydrogenation process involving an unstable

aldiminz as the intermediate,

Pb (0AC)
, 5 Pb(04C L
RCH, NE, ( )4 (RCE = NH) ————3) RCN .
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Mhe Qxidgtionwof.a;iphatie»amines-by ceric ammonium
nitrate in nitric acid medium has been reported (65, 66).

The oxidation of alivhatic amines by cobalt(III)
in perchloric acid solution was reported to be essentially
inert (67). Venadium(V) in agusous perchlorie acid has besn
used for the oxidation of aliphatic amines (68,69).

‘The oxidative: dealkylation of alkyl~cobalamine:
by iron(II1), assisted by chloride iomns, was reported {(70),
wherein the rete-limiting step was a one-electron transfer
from the alkylcobalamine, generating a transient intermediate
which unferwent further meaction to give the product. Chloride
ions in solution were found to grecatly enhancethy dealkylation
rates in the reactions of zlkylcobalamines by the Pt (II)/Pt(IV)
couples (74,72), &uCly (73) end Trci2™ (74).

The reaction of aliphatic amines with methylene
iodide het been reported earlier(75). Palladium chloride and
auric chloride in water werce found to be effective for the
oxidation of primary amines to carbonyl compounds{76).

Metal-catalyzed 02 oxidations of aliphetic amines
have been roported., The methyl group in N-methyl tertiary
amines was selectively oxidized to N-formyl at ambient
temperatures im benzene over pletinum black (77).

4Aliphatic amines have been oxidized by peroxydisulfete
{(78); S5-chloro-2-pentanone (79), palladium (II) Coumplexes (80),

thalliuam (III) in acetic acid mediunm (81), pentacyanonitrosyl
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ferrete (II) complex (82), carbon dioxide (83,8%), crown
ethers (85), hexacyanoferrate (IIL) catalyzed by both
osmiun (VIII) ion (86) end by ruthenium (III) ion (87), and

by lMeisenheiner complexcs (88+92).



The present work is & detailzd kinetic invcstigation
of the oxidatior of so.uie eliphétic eamines by potassium
hexecyenoferrate (III), in alkeline medium, at constant
ionic strength, under o nitrogern atuososhere. RYhae alipietic
arines chosen for purposes of oxidation were oethylenine,
dimethylamine, trinetaylamine, ethylanine, diethylamine and

triethylanine.

Stoichicrmetry ( Vide 'Bxperiaental').

The stolchioxetry of eaca of the reactions was
determined to be

(a) Ketaylanine

CHg + 4Fe(CN)2_+ H,0 ~3CHHO + 4Fe(CN)2“ + t

3

() Dimethylenine

- - . o T —
CoA N + 4Fe(CN)Z + H,0—=3CALN0 + 4Pe(CN) ( + 4T

2

(¢) Trinmethylenine

- iy G- - - . - i
‘;‘(‘_— J g [ = 7 N L
03 igl\ + &Fe (CI) 6 + _120 “‘-)'03117110 + LiFe (CN) 6 + 4l

(d) Etaylanine

Coil 1l + 2Fe(CN)2™ + H,0~3C,H,0 + NH, + 2Fe(CN)¢ + 2*

2H7 ﬂg 3
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(e) Diethyleamine

. 5~ - - L —
CqﬂiiN + 2Fe(CN)6 + H20«f902&7N+02H40 + 2Fe(CN)6 + 28

(£) Triethylanine

=

of 0

I = 5= s H, .1
Caily gl + 2Fe(CH) 7~ + B 0=3C,H, N + CyH,
N 2Fe(CN)2'+ mt,

Bffect &f substrate and oxidant

The retes of the reactions were found to be dependent
on the first powers of the concentretions of voth, substrate

and oxidant { Tables 1i-3).

-

Teble 1 : Bffect of ocubotrate and oxident

/Substrate/ / Ker(CN)6 / 107 x Kobs { g )

(10°x M) (104 ) Methylamine Dinetayl-
amirne
5.0 5.0 3.8 2.3
¥0.0 5.0 7.8 L7
25,0 5.0 19.0 12,0
50.0 5.0 38.5 2%,.8
100.0 5.0 78.0 48,0
10.0 1.0 7.8 4.6
10.0 7.5 749 L5
10.0 10.0 745 4.8

/ WeOZ / = 0.1 U3 fh= 0.5 If; temp. = 35°C.
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Table 2: Bffect of substrate and coxidant at 35.0°C.

/Trimgthylamine/ / K3Fe(CN)6 / 105 % K g
( 10° x M) (103 % 1) ( g1 )
5.0 5.0 2.8
10.0 5.0 €.0
25,0 5.0 1.3
5040 5.0 29.0
100.0 5.0 58.0
5.0 2,5 2.8
5.0 1.0 3.0
5.0 0.5 2.7

Table 3: Bffect of substrate and oxidarnt at 3500.

/ Substrate/ / KzFe(CN)g/ Fthyl- 1?6_X “obe fs %)
2 k& emine  Diethyl- Triethyl-
(10° x M) (10° x M) arnire amine
5.0 540 2,0 7.0 34.0
10.0 5.0 4,0 14,5 68 .0
25.0 5.0 1.2 35.0 170.0
50.0 5.0 20.5 72.0 350.0
100.0 5.0 50,0 145.0 700.0
5.0 2.5 2.1 72 35,0
5.0 2.0 2.4 7.0 3L b
5.0 1.0 2.0 7.5 34,5
5.0 0.5 2.2 7.0 3L,0
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Plots of k the pseudo-first order rete coumstant, ageinst

obhs?®

®

a 20-fold renge of concentration of substrates, gave streight

lines passing through the origin,indicating that ths rate of

J

oxidetion was dependent on the first power of the concentrati

o]
3

of tine substrates., This was further seern by tae constant velue
, the second order rate constent,
When e constant concentration of substrate

(Large excess) was used, k did mot show any appreciable

obs

variation with chaanging concentrations of oxident (10~fold

L

ange), indiceting a first ordér dependencé of the reaction

on the concentration of the oxidant ( Tebles 1-3).

Bffect of alkali

@
=

The rate of the reaction wes independent of the
concentration of alkeali in the range studisd, for methylamine
and dimethaylamine (Table 4). The oxidation of methylamine

and dimsthylanine was also possible with agueous hexacyano-
ferraté (II1), but the reactions were very Slow, as Secsn fromn
the relative values of the rate constants (Table 4). This
snowed thet an alkeline pd was nececsery for the fecile
oxidetion 5f these amines. Though there was no dependence on
/ alkali / over the pH range studied, the reaction was not

independent of pd, in the wider sensec.

P

S

g



63

Table & : Bffect of NaO#d

/&adﬂ/ 10° B g Cad)

(1) ethylanine Diaethylamine
0.025 7.8 4.6
G.075 7.6 .9
0.10 748 k.7
Ge25 7.6 k.5
C.50 7.8 k.9
1,00 75 445
0.00 (neutral Gelil 0.06

nediun)

/ Substrates /

/A»= 0.5 M 3 tenp.

All the other amines used (trinethylamine,

dietaylaasine

hexecyancferrate (III) in neutrel aediun,

1 x 10“2M;

35°C.

b

/ KBFe(CN)6 / =5 x 107 M;

end trigthylamine) wore oxidized by agueous

hat is, without

using ery elizeli ( Tebles 2-3).

Rate law

Under tiie present experisental conditions, the rate

lew could be exprescsed

a/Fe(ci) g /

kK
adt B

b/ &ine /[ Fe(an)E /

(1)

ethylamine,
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The pseudo-first order rate constent, k ,» Wag celculated

ohs
from the eguation (92):
2,303 Do
Kops = —% - 1og (2)

D_t ¢

( vide ' Experinental': Calculations).

Effcct of temperature

The rate of the reaction was influzncad by changes
in temperature (Tables 5-7), and an increass in tenperaturs
resulted in an emhancedent of the rate of tue rdaction.

Table 5: Bffect 0f temperature

Temp.o 105 X K pg (s"l)
(£ 0.17C) methylamine Dimsthylendine
35.0 7.8 ko7
40.0 12,7 6.9
45.0 174 9.6
50.0 27.5 i2.5

/ Substrates / = 1 x 1072 My / K3Fe(CN)6 / =5 x 107" 43

/ Ma03 / = ¢.1 M;f&= 0.5 M
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Table 6: Bifect of tenperaturs

Teap. 105 X Robs
;10 "‘i
(£0.170) (s7")
35'0 2-o8
11’!0.0 3‘3
45.0 5'5
5G.0 7ok

2

/ Trinethylenine / = 5 x 107~ 3 / KBFe(CN)6/é 52107 i,

Table 7: Bffect of temperature.

Tezp. 10° x K ve (s'i)
~ 0
(£ 0.17C) Bthyl- Distbyl- Trizthyl-
anine eoine ziine

35.0 2.0 7.0 34,0
%0.0 2.8 3,0 451.0
55,0 £,0 13.0 50.0
5C.0 5.0 16.0 gi.0
55.0 7.1 20.0 75.0

/ Substrates [/ = 5310”2t / KzFe(CN)é / =5 x 1077 1.



66

. Substrataos ¢
1.6 T \
\ Beme—03 METHYLAMINE
A e DIMETHYLAMINE
TRIMETHYL AMINE
N\
\\
C,4 — === T AS *
3-0 312 - 3.4
103/7 —>

Fig, 1 . Plots of 1log k against the

obs

reciprocal of temperature
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At DLMETHYL AMINE
TRIMET HYL AMINE

—f T
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;
!
Substratcs
0—0—0 ETHYLAMINE
1.7 + D
7 ) D\t IETHYLAMINE
e
\EHEL [—ig—m TRIETHYLAMINE |
1 ' \@\Q
[b\ ~—
(NEENE
!
6 + log kobs {
(8—1) Y f
N\ 3
“~ \\\ ‘
0.9 + \g\ ;
©Q \ |
LY \
0.6 == - e I '
3'0 3'2 3.4
3
10°/71 3
Fig. 2 . Plots of 1log kobs against theo

rocciprocal of teomperature
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Plots of log kobs agaihst the reciprocal of temperaiure
were linmsar ( Figs. 1-2), suzgesting the validity of ths
Arrhenius aguetion. The slopes of the plots were used O
calcwlate the activeation erergics of the reactions. The
other activation peransters were caiculated ( vide
'Bxperimentel’ ¢ Calculations), end have been shown in

Table 8.

Tebie 8: Activetion Paremeters

B & ag¥ - as¥

Supgtrate (7 mor™Y)  (5™Y (w5 mor™h)  (@xt morY)
Kethylanine 7243 1X108 69+3 -97+4
Dimethylamine  55+2 910 5242 -157+5
Tricethylemine 5742 13107 5k LI
Bthylamine 55+2 QxiGB 5242 -110+5
Diethylanine 4542 3X102 4242 ~13045
Tristaylesine  38+2 1x40” 3542 ~16C+5

The values of AZ' and AS Y ware fazvour:sble for
electron chsotreciion proceoses, Tha favoursble enthalpy for

eglectron ebhotrection mey e in tert dus to the reigase of

ener sy on solvation O charges crected in the transition
Velues of 4357é in tais range for redicel reaetions heve bee

ascribad ( 93 ) Yo the forbidden rature of electron-pairing

gtate,
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and electron-umpairing processes, and to thz loss of dagraes
ox frez=don, formerly aveilable to the reactantc, on the

formation of a rigid trangcition state.

. . . - -1
The activation encrgy for methylamine wag 72 kJ mol ',

whilzs the activation energies for digethylamine and tri-

[O)

nethylernine were almost egual. The lowsr values of the
activation energies for dirmethylamine and trimethylamine
would be duve to the presencé of two or more methyl groups.

The electron-donating cheracter of the methyl groups would
tend to weaken the C-H bond comsiderably. This would enable
the clesavage of the C-H bond in the slow step, rzsulting in
the formation of a radicel intermediéte. in the cese of
netnylamine, due to the presence o0f one metiayl group, cleavage
of the C-H bond would recguire a higher energy Of activetion.
The larger negative values of zgsaé for disethyle and tri-

nethylamine, as compared to thet for methylamine, would

(]
o+

suggest a more fecile formation of the trensition state in

~

the cese of dimethylamine end trinethyleniwne, than for -

=
2

mnethylamine,

m
E

Bifect of added K, Fe(CN),

The addition of X,Fe(CN), in the concentration

renge, 1.0 x 10 M to 1.0 x 10"j M, did not heve any cifect
£

Cé'

nese reacvions, in the case of all the

aiines.



70

Bffect of ionic strength

In the case of the oxidation of mnethylamine anc
dinmethylamine by alkaline hexacyanoferrate (IIIL), the effoct
of ionic strength was studied., Variaticns in the ionic
streagth of the mediun using NaClO, (fA.= 0.01M to 0.50 M)

did rot aave any effect on thes rates of these rcections.

Bffect of added salts

Phe addition of selts such as NaCl, XC1, NaNOBs
KNO3’ Na2804, MgSOQ {concentration range of 1.0 % 10—4M
t0 540 X 10‘3M), did not have any effect omn the rates cf tae

oxidation reections of thesd amines.

Radicel intermediates

The esr spectra of the correspomding radicels,
gencreted from the oxidetion of cacn of the substrates,

were obteined ( vide 'Bxperi.uental': BSR measurenents).

(L) Froa the oxidation of methylenmine and dinethylamine

The esr suectra of the radicals obtaired from the
oxicetion of metaylamine and dimetaylanine, gave 3 spectral
lines with peak heights of 1:2:4, This wae the peak heigat
distribution for en unpaired eleetron in the cnvirounment cf
two equivalent aydrogen stoms. The following conclusionc can
be drawn from these spectra:

(a) the cteble radical is forued by the loss of a hydrogen

aton adjacent to thc amine nitrogen atoLy;
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(b) the interaction of the unpaired electron extends to the
hydrogen stom on the same carbonr abtom;

(¢) the hydrogen atteched to the nitrogen atom does not
interact with the unpaired electror to give hyperfine

splitting.

(2) From the oxidation of trimethylemine

The esr spectrum of the radical generated from the
oxidation of trimethylamine gavé © spectral lines. The
unpaired electron was subject to a strong interéction with
the nitrogém atom (I = 1, ay = 10 gauss) ,and wWeezker
interactions with two magnetically equivelent protouns
(I =1/2, By = 1.5 gauss). Thg spectrun obscrved consisted
©f 3 main lines of egual intensity, 10 gauss aport, each of
which wes further split into a 1:2:1 triplet, the lines of

which were separated by 1.5 gauss,.

(3) From the oxidation of ethylanine

The esr spectrum of the radical generated fronm the
cxidation of cthylamine gave an 8-~line spectrum, correspundding
to the parensgnetic species, C2H5h+H2. The igotropic coupling
constants were 18.8G for the nitrogen, 21.5G (amino protons),

33.5 G(methyl protons) and 24.5 (methylene protons).



(&) From the oxidation of diethylanine

The esr spectrun J.f the radical gensrated fron
the oxidation of dietaylemine geve e 12-line swvacirul,
corresponding to the paramagnetic speccies, (02H5)2 ﬁg.
The isotropic coupling constants werc 18.6G for tae nitrogen,
22,2 G(N-H proton), 37.16G (uethyl protons) and 27.5 G

(nethylene protons).

(5) Froz the oxidation of triethylamine

The esr spectrunt of the radical generated from the
oxidetion of triethylamine showed that the peremagnetic Species
present was (CQH5)3.§ « The isotropic coupling constants wers
18.0 G (nitrogdn), 22.3G (acthyl protuns) and 26.5 (methylene
protons). The spectrum was resolved into 3 groups of lines,
with each group heving cqual intensity. This triplet weso
cxplained by the interaction of the unpeired clectron in the
radical with a nucleus of gpin i, presurebly nitrogem. & votal
of 16 lines was observed within each group, of which the
centre two lines were of ecual intensity, indicating an
interactiorn with an 0dd number of protonS. A specics,

(X
( (321—15)3 M, with 1% protons, was thus inferred.

Th

usceptivilit:s cf &2 amine to oxidation cen

@]
O]

be attributed to the availebility of the unshared pair of
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electrons on the nitrogen atom. Generally, the first step
in the oxidation of an amine involves the transfer of one
or both of the eclectrons to the oxident, followed by an
elimination of a proton tc give a carbonr radical or a
cerbonium ion, In some cases, tae renwoval of the c(rhydrogen
is the initial step. Assuming that the oxidetion is a one-step
process, the two key steps can be depicted in tine following
nanver (38):

" H : _

an e

| l

The comversion of N-n-butylisoindoline(I) tc N-m-butyl-

!
l
i
G
I

phathelimidine (IL) and N-n-bmptylphthelimidc (III) by oxygen
in methyl isopropyl ketome at 38°C illustrated the above-
nentionad two steps by which the oxidation of an amine could

we initiated (38),

(1) | (11) (111)
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In principle, the oxidetion of an enmine to an
anide pereallels tne oxidation of a priaary alcol2dl Fo o
carboxylic acid,

S ot
RGHQOLI + H20 —>BCOCH + 4H  + ke

RCH WH, + H,0 —»RCONH, + 4% + 4o™ .

However, in practice, a variety of products zay
he obtained, depending on the structure of the amine. When
thg amine is a primary eaiiine and has a pair of O(—nydrogen
atoms, it is gemerally oxidiged to a czrboxylic acid with the
elinination of ammonia. The reaction can be cnvisaged &g
proceeding through a carbinolamine that undergozss C-N bond
cleavage)mucn nore rapidly than exidation}té give an amide.
The aldenyde that is formed from the scission of the C-N hond

18 oxidized further to the acid.

OH.
ol ’ ol
RC&IZNHz > RCH-'NHQ ~—-DRCHQ == RCOOH -
+
NH3

There are three main types of convérsibm: in

taz oxidation of an amine. They arc:

. = .0
!
(2) -1%-0@13 Lol —h-ca, —2d5 fca
fo1 ™ Lo 0
(6) -N-CHR —p —N-CHR ~—> - N -~ CH + HC-R

2
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, [o]) -2,0
(0) =N G, CH R ~N- T—C”T R —=> -N-CI=Cad

= 0U 0 0
i } 1] H
-@l-—N CH —— CIR _C.Ql, ~N—CZ  + ICR

In 211 threc types of corversions, it ic assuned that tae

)

first step involves tiac oxidatior of the cuine o &

»,

cerbinolenine. In type (a), the carbinoleninz is oxidized

further to give an N-zcyl derivetive. In tyoe (b), the

cervinolenins rearranges te give a secondery enine anl

(=}

-4

an
eldenyde. In tyze(e), weter is elinineted from tae
carbinolanine, ana the resultart enemire ig oxidizad
further tu afford an N-ecyl derivative erd a carbonyl
conpound. Thes Oxidetion of the erenine most likely involvee
hydroxylation >f the double bornd followed by oxidetive
cleavage of the resultant d&glycol. e threc tynec of

o

convarsicns (a,b end c), involve thz removel of four
electrons, twoc electrons end six electroms, reswactivaly,
from ¥1¢ svarting compound.

Witr regerd to uechanis.as, ora—-eglectron oyidents
2ay attack t2e anine at the nitrogem cr at andxghydrogen

o~

atom. The .aode of atteck will depend on the structure of

w

the aninz a8 2180 on the naturc of the oxilent.

.



(1) Oxidation of methylemine, diumethylamine and trimethylamine

The rates of the oxidation reactions of all these
amines by hexacyanoferrate (II1) were deperdent on the first
powsrs of the concentrations of the substrate and oxidant
(Pables 1-2). This indicetsd that the reaction was directly
between the substrate anrd oxidant.

The addition of hexacyaunoferrate (II) itons did
not have any effeet on the rates of the reactions. This saowed
that the first step between thae substrate and hexacyvanoferrste
(I1TI) (which was the electrcm~abstraction step), was an
irreversibie step.

‘ The sddition of salts Aid not have any effect
on the rate of the reaction, indicating thet the reactiocn
Weg between an ion and a neutrel (dipclar) swnegcies,

The mechanisn of the reaction could be envisaged
a8 procesding via the removel of the ,/~hydrogen in he
inritial Step, giving a radical intermediate’ , the eminocalkyl
radical. It has been observed that the irradiation of
dimevhylemine and trimethylamine in neutral or alkeline
nedia with high-energy slactrons (9&) gave the aminoalkyl
radicals (R2~N~5H2)p gince the absbraction of the g{:h*drogen

-

wes favoured due to the resonance stebilizing effect of the
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adjacent nitrogen lone pair

RCT,-N-R, + OH —3> RGH IR > R mg

6 00 00 060 0@ o0 @ (1)

N

Phe Y-irradiation of primary amines frozen at 77K gave
elkylamino redicels ( chﬂ—ﬁﬁ)}which isomerized to
eninoalkyl redicals ( RQ~E~NH2) on warzing (95). Under
thesg conditions, dinethylamine gave the radicel ,

&H NHCHB, and trimethylamine geve the aminoalkyl radical}

CE V(Cﬂ exclusively (95). The results of Y—ixradiation

3)2
of emines adsorbed on silica gel at 77K were sinilar(96).

In the present investigation, the radicel
intermediatces cbtainad fron the oxidation of metayleanirns,
dinethylemine and trimethylemine, respectively, Wers
characterized by BSR smpectroscopy ( vide 'Radicel
Internediates').

Tne subsceguent siteps Woere repid, end no interncdiate
product{s) could be isolated froo the reaction miztura,
Bffortc to isolete thc corbipnolanincs (é9 B arnd C, respe tlvely)_2
Were nut successful, It could be postuleted taat the

carbinolamines, when formed cs interusdiates, wouid be

repidly oxidiged to the N-acyl derivetives, rcecpectively.

The rzsaction seguences for the oxidation of thecee

aninzss by aexacyanoferrate (II1) 1ave bzan shown in  Schemgs 1-3%.



Oxidation 0f Methylemine

Ea,.
tes

7. o 3—
o 3~ SLOW. % - Fe (CH
CRLyNEE,, + Fe(CN)é 2ty G, (CH) g
ast
+ H,.0 _ 3.
S 2 R Fe (CNW
¥ Tast ~
O
(&)
& o 3 - +
rmm, TPOME. oM, 3y mEe-m,
fe5t ‘ =7 {
CH OH
(L)

SCHBLE 2

Oxidation of Direthylamine

(033)2 NA + Fe(CN}Z_ -§29E—§ CH,, == N~
3 b
$io
P (ONE oy Hg0 CH,— N —H
fas 3 —— 2N
Cr Cd 205:1
2
+
(38)

Fe (€M) 7
—23 CHy —N —H
Ql",ﬁ '/
rect Caaon
£
—— CH, — N —3
- 3
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SCIBE 3

Dxidetion of Trimethylenine

(c Fe(CN)z“ SLOW -t

3)3 N o+ (Cq3)2

Pe(CN)6

+ 2.0
Yo 1,,) =~N-CH, O
Tost 7 (CH5) g—NCHy —E—> (G 5 N-G,
(¢)

Fe (CN) 2™ PG(CN)3

' s
E;:;__f;( CHy) 5= NCEOH — N (UI <~NwC’U
[}

——> {CH;) 5 N-CHO
NERAeres

The reactior soguences ( Schemes 1-3) show
nechenistic pathweys involving the removal of four
electrons from the starting compound, which would be
in agreement witih the stoichionmetries of these reacticons.
The oxidation of nethylamine to foruwamide (I), of
dinmethylanine to formylmethylamine (II), and the oxidation

of trimethylamine to formyldimethylanine (III),
constitute examples of reactions wherein the oxidetion

sccurs at tie N-alkyl gide chains, lsading to MN-aldeaydaS.
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Tae product obtained froa the oxidation of each of
ol

the aminss, was isolated and cherecterizced by spectral metlods

( vide f‘Experimental' : Product Analysis).

(2) Oxidetion of ethylanine, djetaylamine and triethylamine

The rates of the oxidaticn reactions of all these
amines by hexacyanoferrate (III) were cependent on the first
poWers of the comncentrations of the substrate and oxident
(Table %). This indiceted thet the reaction was directly
vetween the substrate and oxidernt.

The addition of hexscyenoferrate (IL) ions did not
have any influence on the rates of the reectiouns. This
showed the irreversibility of the initial electron-abstrzction

step between the substraete and oxident.

The addition of salts did not have any effect on
the rote of the reaction, indicating that thd reaction wes
between an ion znd a neutral (dipolar) molecule.

The mechanism of the reaction was envisaged s
procceding via the trensfer of onc electron, from the nitrogen
atom of the awine, to the oxidant. This would result in the
formation of the cation radical intermediate (aminium cation
radicel) . Aninium redicals ware first proposed for the
Zofmann-Loffler preparetion of N-methyl-granatenine (97).

Related earyldialkyl aminiun radicals werc postulatced to
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cxplain the effects of a scrics of oxiderts on tertiary

auires (98). Aniniun radicels were shown to be gemerabed

fro the oxidetion of alkylamines and arylalkylanines, wherein
the ome-electron reagent directly removed an electron fro.

en amine 3

RoN:  + Ko ———3 Ry My o+ XT

The oxidiziné agents which have been used to gemerate
aninium radiczls from alkyl amines or arylalkyl amines heave
included nitrogen dioxide in CClQ f99, 100), N-bromosuccinimide
in CCI, {101), motal-catalyzad oxidations by oxygon in bonzane-
petinenocl (102), silver ions in ecetonitrile(10%), N-chloro-
benzotriazole in benzene (104), permanganato(46), chlorine
dioxide (105-112), iron (III) couplexed with verious
substituted phenanthrolines (1i3), octacyanrowuolybdate(V) complox
(113), and hexecyancferrate {(III) in alkcline mediun (143%-116).
Adminium readicels are of intcresmt not only beacsuss they are
isoelectronic with elkyl radicals, but also vecausc thess
gpcecios have becn used as chaln-~carrying intermediates in

novel symthetic epplicetions (117-126).

Geometricel factors influencing the stebility of
nop~cronatic aminium redicels have been extensively irvestigated
using cyclic voltammetry (127) and photoelectron Spectroccopy

(£28). The stebility of the redicels, forasd from complex
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polyecyclic torticry amines, was shown to depend on

fevoureble alignrents for the lone pair — interactions,

;?

~

which favoured through-bond interactions rather than through-
space interactions (127,128). The oxidation of cyclic and
noncyclic polyanine$ by linsar sweep voltametry showed that
the introduction of an electron withdrawing heteroaton into
a tertiary amine}degtabilized the aminiun radical and

reisced the oxidetion peak potemtial (129). The net affect

l)

wes tne stabilization of the incipient radical cation as e

result of throush-bond interactions (129). The low peak
. Y 2 )
potential of N, N, N', ¥ -~ tetraethyl-i,2-diaminoethane (I))

relative to triethylamin@,Was attributed tc stabilizetion by

r‘)

a tarough-bond interaction between the nitrogen atoms. This
was gsubstantiated by the isolation of formaldehyde es the
cerbonyl oxidation products (129). Thus, the oxidetion

proceeded via a Grob fragmembation ( Scheme) , which hed the
sernie Stereochaemicel requirement as a through-bond interactidn

(130) »

BtzNCH20H2N~Et2 Etz ///////
l\i—Et2

(1)

. 2 1
: == (7 N HCHO
__._.._._? 2 EtZN 0:12 —_—— E't2 H +

( SCHEME )
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It was reportsd that amines conteining the
fg-chloroethyl group undérwent both ol and [i-chlorination
in 0014; hydrolysis of the resultant producés produced
aldehydes and secondary amines (131)., The oxidative
dealkylation of tertiary amines in acidic agueous hypochlorous
acid solution gave a product which could have been formed
either by abstraction of an c(:proton or by an electrophilic
attack on the ¢f-corbon (131). There was a greater tendency
toverds N-methyl oxidation by hypochlorous acid (31) and by
calorine dioxide(112). N-haloamides were onservad to oxidisze
tertiary amines in & mernner very sinmiler to that of aygonalous
acid. Such reactions Were usually perforzed in agueous medie,
resulting in the formation of vinylamnine type ¢f products
(132,133) . The gas phase reactions of triethylamine (35) and
trinethylamine (35) with oxygem had indicated two concurrent
oxideation pathways ir tine zsarly stages. The overall process
produced mainly ethylamine and acetaldehyde. The reaction
rates of atomic oxygen (from N 4+ NO----}N2 + 0 ) with amineS)
gave an order of reactivity trimethylamine‘> dimethylamine>
ethylamine ) methylanine ;>ammonia (134,135) . The roection
products for nethylanmine Were methene, ammoeonia, water,
hydrogsen, oxygen and the hydroxyl redical (134,13%). The
cverall prscess in the anodic oxidetior of tertieary alkylamines

in acetonitrile or in aguecous alXeline solutioms wags the
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oxidative dealkylation to cerbonyl compounds and secondexry
amines (136). Secondery anines &lso underwent a similer
dealkylation process (137). Most of the evidence presented

for the mechanistic pathways supported a mechanism analogous
to that proposed for chemical one-clectron oxidants and did
not involve electrode surface phencmena (138). Corpslationg
of the logarithms of the rete constéﬁts of segveral ‘-.electron
.oxidations . of amines . with the amine polarographic

peak potentials have been made (109). Product distribution and
a low primery isotope effect for ithe deprotoration step)
supported a transition state with a nearly intect C(:C—H bond,
recambling the aminium cation radical more than the c{}amino
radical (109).

In the present investigaﬁion, the aminium cation
radicals obteined from the oxidetion 0f ethviamine, diethylamine
and triethylamine, respectively, were chnaracterized by BSR
spectroscopy ( vide 'Radical Intermediates').

The subseguent steps were rapid, and no intermediate
product(s) could be isolated from the reaction nmixture.

The formation of the intermediates ( D, E and F
respectively), seemed reasonable, in view of the arguments

advanced for the relative stability of such types of systems(i39).
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.

The final step LT thco reaction, in esach case,

ot

Iz,

8]

reguired &3 a conseguence of tae roectiosn stolchiocustry and
the observed rzection provucts.

resznt invéctigetion, the ordsr of

[
s
ct
=

.
c

L]

reectivity of the emines with hoxecyeanoforrete(III) was

trigthylauine >:diethylaminej>>ethylaaime ( Table 3). This

0

order of reactivity was probebly dictatzsd for the nost jart
0y thz ionization potentials of the auines, which follow the
reverse order (140). This ordor 2f reactivity was to be
expected for electron trensier from nitrogen, since the
alkyl groups wWere electron -~ doreting indbctive substituernts.
Oxidative dealkylaetion was obscrved in the rezctions of
eliphatic anines with chlorins dioxide (105-107), exnd with
buffered pasroanganete (46), wherein the involvement of

einiuwn cation racicels wos deanonstrated; thc reactivity wes

ij > RN >RNI-12.

Oxidative dealkyletion also occurrad in livirg
orgenicue, and wes & nejor petowey in tho astebolisn of
ceriain drﬁgs; it has bozen chown to be effzcted Ly the
microsowel freetionm of nemwalien liver (141). Oxideticn at
/—carbon was elso involved in the biogeonesis ol al

for exanzle, the berberine bridze - corbon aten Wes derivoad

fron an N-umetbyl group (1%2,143).
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Overwhelaing evidence 2es bLazn oreserntsd in eearlicy

aLiniua

€
s
(0]

irvestigetions to establish the intermediacy of
cation redicel a8 Ths douninant specizs fur_.23d in the Iirst

c; of tae oxidation roeagtions of elipnctie amirnes (46,

The se%uence of reactions fox the oxidetion of the
respective anines by hexacyendferrate (III), is sawn in

Scnenes 4-6,

SCIENT 4

Oxidetion of Tthylamine

S - 3- Slow 7 T

. Fe (CN) Z‘ +
—_—— ClzCIE, ————3 CL,C =N{

(-8%) fast
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Oxidetion of Priethylanin

(Coig) s M Fe(CN)é_ Blow (CoTs) 5 —_

(—:‘I+) }1 raot

cf tixz amimes, were igolated end chearacterizad by s

netacds ( vide 'Bxperinentel' : Product Lnalysis).
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KINBTICS OF OXIDATION OF SOuZ LROUATIC AMINTS

The oxidation of aromatic amines has bsen achieved
by a veriety of oxidizing agents, and the products obtained
from such oxidation reactions nave been observed Vo be
dependent on the nature of the amine, the oxidizing agenrt,

and the reaction conditions employed for these reactions.

BARLIER WORK

Primery arometic amines geve good ylelds of azobengzens
when oxidized by mangenese dioxide (i-4). The oxidation of
substituted benzylanilines with nangsnese dioxide geave the

corresponding benzylidene - anilines im good yields (5).

The oxidation of N-benzylanilines by halogen or
hypohalite saowed taat the nymnohalite attack in netheanol

did not involve the formation of an N-nalogenated intermediat~{5).

Primary aromatic amines were oxidized by lead tetya=
acetete to either azobenzenes (7,8), or to guinounes and
derivatives (8) as aajor products, depending on the ring
substituents, but thae vields Were guite low. These oxidation
reactions involved ths intermediacy of the hydrazo corpournds

(7:8). Phe oxidation of paenacylanilines by lezd tetraacstate



2,

12 been reported (¢). The oridation of 2,5 ,6-trinhenyl-

[

aniline by leed tetraacetete gave 2 stable rediceal {(16).

Aronatic enines were oxidized by Cu (II) im hydroxylic

golventvs in the presence of oxygen)to comaslex mixturoes.
Fd
wiline geve guimnone enil as & mejor product, in addition

to azobenzene end paenoxezine (11).

Lrzentic ions have been used for the convergion of
pricery amines to mixtures of nitriles and aldehvdes (12).
The oxidetion of zrouatic auines by Ag(II) picolinate wes
saggeeted 28 e one-clectron trangfer process wita toae
domounstretion of tae intermediacy of redicel cetions (13).
fing-cubstituted anilines wWere comnvertasd to thz reswpective
azcbenzene on treetnert with argentic oxide in benzZene or
ether nedie (14), The oxidetion of ring substituted apilines
by Ag2003 / celite gave azmobenzénes, and tae reaction wes

postulated to proceed by a radical coupling process{15,16).

The reection between oseroxydisulfate ion and
aromatic adines in elzalinz aediun, known as the Boylend -
Sims oxidation (17-19), wes studied xinetically (20-22),

was suggested.

[0}

wherein a general mecharisn for the proces

-

The ogidation of primary arometic amines by nperoxydisulfete in

acetic acid gave N-aryl-p-benzoguinocns diimines as the initiel

products, and the pathway was suggested to involve radicel

interuediates (2%~26).
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Anilines were oxidized 0 nitrobenzenes by t-buty]
hydropercride at low teussratures ir the precence oI varadlium
or molyndenus catalysts (27). The echanisn involved a rapidc
reversible formation of & peroride - catalyst couaplex, follioved
vy tie rate detarmining nucleophillic attack of the amins lone
sair and a neterolytic oxygen - oxygen bhond cleavage (27).
Perbenzoic acié arnd m-chlorobenzoic zcid nrave been usad for
the oxidstion of 2,4,6-tri-t-butyleniline (23) and &-fluorenyl-

amine (29).

[/
0]

Peroxyacetyl nitrate gave 2iga yields of acstami

)

from prinary azines (3C).

Quinones and Juinone imines Wasre obtained fron the
oxidetions of aromatic anmines by potaccium nitrosodisulifionate
(31).

The treatment o primary amines with IF5 gave ritrilss
(32,33), waile carbonyl compounds Were obtsined from tre

ogidetion of secondary ausines (32,33) and tertiary amires(54).

The oxidation of Nealkylarylamirec by chromic acid
geve aldenydes in yields up to 37%; duinones and other
oxidetion products were also formed (3%). The oxidation of

N-alkyl-2,4-dinitroanilines with chromic acic was reportsé(35).

The oxidasion cf primary amines by ceric ionc gavs
tre guinone imine in 70% yield (37).

The iodination of amilines in ajueous DIISO ené DIF
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media (38), by N~iodosuccicimice (39) and by iodine monochloride
(40) nave beesn reported. The ¢l lorination of anilines by

chloramine~T has neen studied (&1).

The eleschbrochemical oxidetion of anilime at 2

vlatirum electrodes has besn studisd (42).

The oxidation of amniline has bzen studied wWit: a
variety of oxidizming agents suchk as periocdate(43), quinamolinzs
(44), N-chlorolenzamide (45), sol@ium c:loride (45), i-fluoro-
2,k-dinitrobenzene anf i-chloro-2,h-diritrobenzens (47),
peroxymonophospnoric acid (48), brozate ion (&%), sodium iodate
(50), thalliuwa (III) ion (51F, picryl chiorice (52,53),
phenyl-2,4,6-trinitrophenyl etzers (54), acstonaphthonss in
various solvents (55), suvstitutsd benzyl chlorides in methanol—
acetonitrile mixtures (56); ard with chloromethylated phenols
(57) .

The oxidation of N,ll-dimethylapilire with Un(III)

acetate in acetic acid, in the presence of air, gave a product
which wag derived by the condensation of a formaldehyde unit
Witk the substrate (58). The Mn(III) acetate oxidation of
M;N-dialkylanilines gave ll-aryl-N-alkyl acetamides in high

yielés (55). When oxidized by Mn{(III) acetate, a Seriss of
p-substituted M,N-dialkyl-anilines gave good yiells of

p-substituted N-phenyl - N-alkyl acetamide {6C).



N,N-dialkylanilines undergo oxidetive dealkylatior,
on treatment with lead ®etraacetate, to give MNearyl-N-zlzxyl
acetamide a5 tne major product (61). Based on kinetic stulies
of the oxidation of a nusmber of mete~ end para-substituted
N,N-dimetihylanilines by lead tetraacetate in chloroform/
acetic anhydride, a mechanism involving the rate determining
abstraction of an electron from nitrogsn to give an aminium
cation radical, followed by rapid proton loss and a second
(rapid) electron transfer, was proposed (62-63). The f?value
(- 2.4 + 0.5) fourd for ring substituted dimsthylanilines
indicated a high degr=e of positive charge oun nitrogen in
the trensition state(63). Txperimental evidence for the
intermediacy of the aminium cation radicels has bsen ohtzined
from electror spin resonance studies of a number of mono- ,
di- , and triaryl amines in solution with lead tetra-
acetate (64).

Tae oxidation of N,N-dimsthyl-aniline by Cu012 in
ethanol provided evidence For multiple two-electrcon trawcfer
processes in the formation of the product (65).

N,N-Dimethylalikylauines. were oxidized to the
respective cearbonyl compounds by ﬁF6 » the mecrenism
involving a tWo-glectron patiawaey via arn iminium ion

intermadiate (66).
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&3 an example of netal catalyzed 02 oxidetions in
ne liguid phase, N,N-dimsthyleniline was comnvertad to
Nemethyl-N-phenyl formamide, wWien the oxidation was cayxrizd
out at ambient temperatures in benzene over platinum black
( 67, 68).

The oxidaticns o0f NyN-cdimetiylaniline and N-nsthyl-
M-phsnylaniline with peroxomorophosphoric acid (48,6¢)
saowed a rate determining nucleophilic attack of the neutral
amine on the peracid oxygen, similar to that obssrved for

other peracid oxidations of prizery amines (70).

The ozidations oi aromatic anines by peroxydisulfate
in alkeline media (Boyland-Sims exidation), wita particular
referernce to ring-substituted N,N-dimethylanilire, showed
thaﬁ te reaction procseded by an ipso attack witnr rearrangemert,

retaer than a rete limiting attackx at the ortizo carbbn (21).

The oxidation of & series of substituted I,N=-
dimetaylenilires by ozonz had yielded N-methyl formanilides
and bis (Nemsthylanilineo) methyl peroxides, the former
product predominating in polar solvents, and the lztter
product becoming moras important with decrezsing solvent
polarity (71). There wes no Fformation of N~ qxtdeg, It wWes
thoughd that both cationic and rsdicael intermedistes wers
involved =8 precursors (7i).

The fres energiess of forwmation of catiom redicals

-
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end dicatiors for a number of slixyl substivtuted oritac
phenylene diemines by cyclic voltaumetry was reported(72).
The oxidation of N~-substituted diaryl anines to carbazoles

at a pletinum anode in acetonitrile has bzen reported(73).

The addition of N,N-diamethylaniline vo the
ruthenium cation (74) and to various complexes (75), has

been investigated,

The reaction of N-metiaylamiline with diasthyl

eluniniun hydride hes been regorted (76).

The N,N-dimethylaniline - tosyl chloride system
had been used to initiate the polymerization of several
vinyl polymers, end the kKinetics of such polymerization

rezctions have been studizd (77).

Kinetic isotope effects in the resctions of berzyl-
benzene sulfornates with N ,N-dimethylamnilines have been
reported (78).

Diarylemines were ozidized by nicXel peroxide

to tetrearyl hydrezines (79).

The electrochemicel oxidation of disubstituted
dipaenylamines end trisuvistituted triphenylamines nad
resulted in the formation of stabls radicalicatiOLS, which
on furtner oxidation gave carbazoles (8G). The anodic

oxidation Of para-substituted diphenyleamines showed that
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the initially formed cation radicels could give rise to
-2

different types of products, depending on tne nature oi

ths substituent and the elkelinity of the medium (81).

The phnotocyclization of N-substituied diphenyl-
amines in non-halogenated sclvents Supported a mecaanism
involving the conversion of triplet amine to dibhydrocarbazols,
and subsegusntly to carbazole (82). In the presence of
increasing amounts of CC14, the intramolecular triplet
pathvway was suppressed, ané intermolecular electron transfer
processsesS were févoured, leading to complex mixtures of
products (83).

Diphenylanine was oxidized to the ketone in good
yield by diphenyl selenic anaydride (84), and by diphenyl
selenyl chloride (85).

The oxidation of aronetic anines adsorbsd on

verious oxide surfaces was studisd by BSR spectroscopy, and

o

the identity of the desorbed product was saown to depen
on the oxide surface. For example, divhenylamine geve dicthenyl
nitroxides on an alumina surface, while N,N-~diphenylbenzidins
was obtained when the oxidation was carried out om an alumina-
silica surface (86).

The dye-sensitized photo-oxidation of diphenylamine

nas been reported (87).
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The reaction of cahlorine dioxicde with a seriec of
ring substituted N,M-dimetihylbenzylamines exnibited the
validity of linear free energy relationships (88). These
)xidetion reactions demonstrated the duality of mechanisms
(electron abstraction and hydrogen abstrection), operating
in chlorine dioxide oxidations (89)., In both, electron
abstrection and hydrogen ecbstraction, a planar configuration
of the bonds avout the nitrogen atom should be energetically
favouref. These would involve Sp2 arbitals, with the odd

electron in the p-orbitel.

The recctions of dinsthylbenzyl exnines with
bromine (9G), and with hypochlordus acid (88), shoiwed g
rrefercential benzyl cleavage, whlle tae reactiom wita chlorinz
dioxide indicated that the cleavage was dependent on the
number of Sl-hydrogen atoms present (88).

Benzylemine was oxidizsd by Mnoz in moderate
yields to the corresponding carvonyl compound, anc spectral

evidence for am imine precursor was reportad (91).

Heutral permangencte (92,93) or alkaline permnanganetsa
(94) nave bsen used for the oxidation of amines having hydrogen
on carbon bonded to nitrogen (o -hydrogen), leading to complex
mixtures of products, depzsnding on the structure of the amine
and the reaction conditions. The suggested mecharistic
nathway involving the initial formation of the iminium species

wes elso fournd to depend on the structure of tae amine (95).
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Bensylamine weas oxidized to the correspondin

G

nitrile with lead tetreeccetcte in refluxing benzenc (96).
Eibenﬁ@amine vnderwent oxidative clcsavage wita lsad
tetraacetate giving benzaldehvde (60%) end benzoniitrile
(24%) , along With smaller anounts of substituted benzylemines
(96) .

Cuprous chlorids in ?yridine)in the pressnce of
oxygeg)Was used to oxidize substituted benzylamines Lo the
corresponding benzmoniiriles (S7).

o] 3

Mickel peroxide has dzen used for thz preperation

of nitriles from substituted benzylaminss (98).

Cobelt (IIL) ir perchloric acid colucion has boe
used for the oxidetion of benzylaminz, Waerein tre benzyl
redicel Wwas stabilized by resonance, and the mechrznistic
patioway involved tae attack at the H-C-H (99).

Benzylamnine end O(fmetﬁyl—benzylamine Werg
converted 1o benzaldehyde eznd acetoplenone, respectively,
when the oxidatione were carried out with agueous potassium
ferrate (100).

Methylbenzylanine Wes oxidized to the carbonyl
compound waen the oxidations wer8 carricd out with PdCl2

in the presence of 10% palladium on charcoel (101).

Primery and secoundery aliylesines and alkylaryl-
anines (substituted benzylaminszs ) having an (-2 geve the
carbonyl compouad as the major product wien the oxidations

Wwere carried out with, diescyl peroxidss (102).
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Kinetic studies and <vae results of substituert
effects in the oxidetion of benzylamines with p-nitrobenzene
gulfonyl peroxide, supported a two-step, tWo-electiron
mecnanism, Whereln rapid nucleophilic atteck by the amine
geve an afduct. This wes followed by the rate-determining
elimination %o give the imine (10%).

Kinetic and isotope effect studies with oubstituted
benzylamines and substituted amylsulfonyl peroxides supperted
an unsymnmetricel trensition stete for dlimination,; in which
the leaving group was lavrgely reaoved,giving rise to
substantial benzylic provon trensier (10%).

Rutheniwa (III) 2es been used as vatalyst in toe
oxidation of benzylamines by oxidizing agents such as phenyl-
iodoscacetate (105), acid bromete (106) and hexacyanoferrcte

(III) in alkaline medium (107).
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PRESENT WORK

The present Work is a detailed kinetic irvastigation
of the oxidation of arometic amines by potassium hexacyano-—
ferrate (II1), in alkaline mediun, ot comstant iomic strengt:,
under a nitrogen atmospbere, using agueous methanol (v/v) ac
solvent. The aromatic anineg which nave been used for itile

-

purposes of oxidatior havs indludeds

(2) 4niline end substituted anilines

(b) H=-Metarylariline; N-ethylaniline; diphenylenine
and substituted diphenylanines

(¢) N;N-Dimethylanilire; N,N-diethylaniline.

L)

(d) Benzvlamine and substitubed benzylenines

Stoicaiocmetry ( Vide 'Bxperimental'):

The stoichiometry of taz reactions Were deterainzd
to be:d

(a) For aniline

- .
24r MH, + 4Fe(CN)2 ~> ArN == NAy t4Fe(CN) . + g

() For N-methylaniline

CHg W + 4Fe (CH)7™ + E,0 —> CEMNO o fPe(CME + 48* .



112

(¢) For l-ethylaniline

- B } -
Cgily N + 6Fe(CN)6 + 250 —3 C,H.NO + CHg0
+6Fe(CN)2- + BIF .

(&) For diphenylamine

2G, 8, 1 + 2Fe(C)2™ —>C

ST
e N, + 2Fs(ClT)

=
ok <29
+ 23%,

(e) For N,N-dimetnylenilirc

.3, N & &Fe(CN)2~ 4+ H,0—>C.H.NO + 4Fe(CN)L"
81 6 ‘2 g 6

S
&t

(£) For M N-dijfethylanilire

f T n 3= Z —_— ] po
Cioﬂisl\l + BFG(CN)6 + 5_{20 >C7LL7.NO + 0120 * GQHAFO
EN

N sye(cw)g“ Y

(g) For benwylanine

+

TN w N, = e 73 7 4"3.
C7M9N + ZLG(CLI) + _120 ‘}C7_160 + ZLe(CN)é o NH3 + 2H
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Bffect of substrate ard oxident

The rates of all thete oxidetion resctiong Were
Gapendent on the first powsrs of the concentrations of

).

substrate end oxidant (Teblesi-

Table 1: Bffect >f suvstrate =2rd oxidant

L

/ &niline / / KﬁFe(CN)6 / 107 x K g
(10% x M) ( 10° % 1) (1)
1.0 1.0 1.9
5.0 1.0 5.6

10.0 1,0 19.5

25.0 1.0 58.%

1,0 0.5 1.8
1.0 0.25 1.8
1.0 6.10 1.9

/ NaOZ / = 2.5 x 4072 Uy A= 0.1M

MeOH = 30% (v/v) 3 temp. = 35°C,



Table 2 : Bffect of substrate and oxidant

w1

/ Substrate / / KBFe(CN)6 / {05 XKy (s™7) _

( 10% x M) 10° x U N-methyle  N-gbthyl-

aniline aniline
1.0 1.0 6.0 745
2.5 1.0 15.0 19.0
5.0 1.0 30.0 38.0
10.0 1.0 61.0 75.0
25.0 1.0 150.0 190.0
1.0 0.75 643 7.8
1.0 0.50 6.5 72
1.0 0.25 6.5 745
1.0 0.10 6.0 7.6

/ Ne0Z / = 1 x 10—2M;/14= 0.25M; MeOHZ = 60% (v/v);
@]

Teble 3: Bffect of substrate and oxidant

/ Substrate / / K3Fe(CN)6 / 10° % Xops (s‘i)

(102 x M) ( 107 x M) N,N-dimethyl~ N,N~di . otayl-

aniline aniline

1.0 1.0 9.5 11,5
245 1.0 24,0 29.0
5.0 1.0 k8.0 60.0
10.0 1,0 96.0 i21.,0
25.0 1.0 25,0 290.0
i.0 0.75 9.5 11.6
1.0 G.50 9.3 i1.5
1.0 0.25 g.6 i1.2
1.0 0.10 9.5 11.3

%

/NaOZ / = ixi0™<M; A= 0.25M; Me0d = 60% (v/v); teup. = 35°¢C.
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Padble &: Bffect of substrets ard sxidant

'/ Diphenylamine / / EzFe (Cn) ¢ / 10° x &y
( 162 x 1) (167 x 1) ('s_i)
1.0 1.0 5.5
2.5 1.0 13.5
5.0 1.0 28.0
10.0 1.0 55.0
25,0 1.0 | 133.
1.0 0.75 5.8
1.0 0.5 §.6
1.0 0,25 5.0
1.0 0.1 5.6

/ WaO0F / = 0.4M3 A= 0.1M3 MeOT = 70% (v/v); terp. = 50°C.

Table 5: EBffect of substrete ==d oxidant

/ Benzylaming / / KsFo(CN) ¢ / 10 x x_, _
(%) (0% x M) (s 1)
0u 1.0 7.0
0.25 1.0 17.0
.50 1.0 - 3540
1.0 1.0 6 9.0
2.5 1.0 170.0
1,0 2.5 6840
1.0 5.0 70.0
1.0 10.0 68.0

/ WalE / = 1 x 1077%M; (A= 0.1

MeOH = 60% (v/v); temp. = 60°¢C.
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Plots of kobs’ the pseudo~first order rate
constant, against a 25-fold range of concentration of
substrates, geve straigot lines pasoing through the origin,
indicating that the rate of oxidation was dependernt on the
first power of the concentrations of the substreates. This
‘was further seen by the constent values of kz, the second
ordér rate constant. When a counstant corcentration of

substrats (large excess) was used, K ., did not show any

2
appreciable veriation with changing concentrations of oxidant
(10~-fold range), irdicating a first order dependence of the

reaction on the concentration of the oxidant (Tables 1i-5 ).

Bffect of alzali

The rate of the reaction was independent of the

concentration of alkali in the range studied (Tables 6-10).

Table 6 : Bffect of alxali

< - ok
J/ NaCHd / 107 x k0
(10° x M) ( 51
205 109
5'0 1.9
106.0 1.8
25.0 1.8

/ Anilins / = 1 x 107%M; / K,Pe(CN) g / = 1 x 10771;

f&= Col M3 MeOH = 30%(v/v); termp. = 35°C.
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Pable 72 Bffect of alkali

o {YT 5 <r T <:1~1

/ NC‘A.O_JL / 10 Pps i’gobs (u ) ~

(102 x M) Nermethyl- N-cthyl-
arilins aniline

5

1Q0 6‘0 7.5

2.5 600 7.5

5.0 6.5 7.8

10.0 6.3 7.5

25.0 600 7‘5

/ Substretes / = ixi0™2M; / Ky Fe(CN) g / = 1 x 1077 M;

fA= 0425 M5 MeOH = 60%(v/v); temp. = 35°C.
Table 8: Bffect of alkali
o (YT 5 r«—i
/ Na0Z [/ 107 x Kk o (s77)
(10% x u N, N-dinethyl- N, N-diethyie
aniline aniline
1.0 9.5 11.5
245 9.5 11.6
500 9-3 1115
10.0 9.5 i1.2
25,0 9.6 11.3
/ Substrates / = 1 x 10‘2m; / KBFe(CN)é / = 1x10“3M;

O«25M;

fx,=

MeOH = 60% (v/v); temp. = 35°C.



Teble 9: Bffect of alzeli

/ MO / 10° x &,
( 16% x ) )

1.0 5.5

2.5 5.2

5.0 5.0
10.0 545
25.0 5¢5

/ Diphenylamine / = i x 107213 / K Fo(CW)y / = 1 % 16701

I)LL= 0.25 M; MeOI = 70% (v/v); tomp. = 50°C.

3

able 410: Affect of alkali

/ NeOH / 10° E g
( 16% x 1) ( o4
1.0 6900
2.5 68.0
5.0 70.C
10.0 : 67 .C
25,0 68.0

/ Bensylacine / = 1.0 1% / KgFe(ON)g / = 1 x 10”2

3
2

fﬁ = C.iM; MeOH = 60% (v/v); teap. = 60°C.
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Thne oxidetion of all these amines weg elso possivle

with neutral hexacyaroferrate (III), but the reactions were

(_|+

an alxeline wuedium Wa$ necesscar/

]

very slow. This saowed tha

for the fecile oxidation of trese anmines. Though there wes

s,

ns concentration rangs studiad,

S =

no dependance on alkali over
the rate was not independent of the concentreticm of elxkall

in the wWider sense.

Under tasz prescent experiwertal col ditions, the rals

law could be expressed as ¢

a/Fe(CN)>" / v
Rate = - g = k. / 4uine/ [ Fe(CM)Y /

ceeree. (1)

The pseudo-first order rats co. stant, Robs’ we.s calculatzad

frow: the eguation (108):
D

_ 2.303 Yo
I’iobs - -—"""_t 105 Dt ® 00 e e a s (2)

( vide 'Sxperinmeuntal': Calculsziions).

Bffect of solvent

Reacticrs involving an ionic reactant ere
gsusceptikle to solvent influences. It is hence t& bc expectac
thet in the precent investigetion, the sslvert gaould he
playing an inportent role. The oxidetion of awires 1is

definitely in’luenced by the solvent oystem. The rate oF

oxldetion was .glowest in thosce solvent nixturcs thet
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conteined the lergest proportions of water, and increasing
proportions of nethanol resulted in en increade ir the rate
of oxidation (Tables 1i-12)., In the czse of the oxidetion

of N,N-dinethylaniline, increasing proportions of methanol

resultaed in a decrease in the rote of oxidation (Table 13).

Pavle 1i: Bffect ¢f solvont

¥eOI - Hy0 10 x1kobs
%y v/v) (s” )
3070 1.9
35-65 3.1
50-60 5.0
k5-55 8.9
50-50 15.1

/ 4viline / = 1 x 10~2M; / K Fe(CN) /= ix 1070 M3
6

/ WeOz / = 2.5 x 1677 3 pL = C.415 temp. = 35°C.



Table 12 Bffect of golvernt

Keﬁﬂ~320 107 x kobs
(%, v/v) ( o°h

5 515 4,0

6040 4,3

65-35 L,8

70-30 5.5

/ Dipnenylamine / = 4 % 10"2M; / KBFe(CN)6 / =1 x 10“5M;

/ NaQi / = O.iM;)LL= 0.1 M3 temp. = 56°C,

Table 1%: RBifect of golvent

0511 5

lie 0d=,0 107 x & o

(%, v/v) ( 7ty

45-55 13,2

50"50 15-2

55-45 12.5

60~40 9.5

65“35 703
/ N,N-dimethyleniline / = 1x10‘2M; / KBFe(CN)6 / =
1 x 10‘3M; / NaQ2 / = 1 x 1078 3 f£= .25 M

temp. = 35°C.
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In the present invectigotion, in going fram lower to
higher percentages of methenol ( v/v), the polarity decreases.
This decrease in the polarity of the medium caused an incresase

in th

0]

rate of the reaction (Tables 11-12). A plot of log Kk ; o

against the reciprocal of theg dielectric comstant was linear
(Figs. 1-3), indicating that the reactions under consideration
were of the ion-dipole type (109). |

A& complete explanation of the role of the solvent
in chemical reesctions cennot be offered am the basis of the

dielectric constant of the medium alone.

On the bhasig of the sblvating’power of the solvent,
a corrsct prediction of a Quaiitative nature can be nade
of the rate of the reection in different solvent media. In
ihe present investigetion, the trangition state is less
polar taen the initial state;(reactants), begatise of the.
increased dispersal of chargés in the transition state. TLisA‘
%ould indicate that thé exteﬁt of solvation.ocf the transiﬁion
“gtets was less than that for the resactants, thus agreeing‘
with the assumptions of Hughés and Ingold (11¢). Therefore,
the decrease in the rate of éxidation on thé addition of =&
more polar @olvenmt (Tables 14-12), in the present work, is
a natural result of the progressive inecrezse in solvation of

the reactants more then that of the transiiisn state.
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Phe effact of &
on reacvion rates would
solvent - gclute inbterac

structure (109).

rain

K

[0}

tempe

The rate of ths
in temperature, the rate

in the tempercture (Tabl

{
(o

chcnge in tas solvent comgposition
elgo Cepend on factors such as
tions {111, 112), znd on solvent

%
oS

reaction was iniluencad by changos

O OW

ing an ipcraase

ec 1k ~ 1i8),

Table ik: "ifect of teaperature
Tompa { +0.1°C) 16% x & (s™)
L] oS L] e ;\.Obs
35.6 1.9
5.0 341
5G.0 ;1
66.0 602{’.
' 1 oA — -2”. —3
/ Aniline / = 1 x 10 “M; / KzFe(CN)é /=1 x 1077 M3

/ NeOZ | = 2.5 x 4070 i;

[ B!

0%, Jobhanol = 30% (v/v);

With an increasa
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Tanle 15: Bffect of temperecture

5 =3
Teap. (+ 0.1°C) 107 x By (877)

N-matiuyl- N-ethyl-

aniline aniline
3G.0 L.h 6.0
350 6.0 745
k0.0 8.5 9.5
45.0 iil.1 12.6
5C.0 14.0 15,5

Table 16: Bffect of tempercture

Temp. { + 0.1°C) 160 x Kops ( h
N, d~dinethyl-~ N,M=dicthyl-
aniline aniline

30,0 7.2 9.1

35.0 2.5 i1.%

£C.0 11.8 14,5

45,0 14.3 15.8

5C.0 17.2 1.0

2

/ Substrates / = 1 x 107°U; / KFe(CW), / = 1%1077 U;

/ Na0d [/ = 1 x 10“2M; ag. metianol = 66% (v/v);

f&= Ce25 .
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Table i7: Bffect of teuperature

Tempe (+ 0.1°0)

30.0 0.6
35.0 1.5
40.0 2.6
45.0 3.9
5640 545

/ Diphenylawmine / = 1 x iO-QM; / KBFe(CN)6 / = 1x10™9 M3
/ NaOz [/ = O.iMjaq. methenol = 76% (v/v); }LL==G.1 M.

Table 18: Bffect of tenpercture

Teap. ( + ©.1°C) 107 x Eopg (570)
5040 547
55.0 5.4
6C.0 6.9
65.0 9.1
70.0 11.9

2'\/‘ °

A 9

/ Benzylacine / = 1.0 ¥; / KBFe(CN)é / = ixio”

o

/ NeOZ [/ =1 x 107 M ag. nethanol = 60%;fﬁ-= 0.1 M.

“
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Substrate
ANILINE
4 + leog k
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0.2 .
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Fig«d. Plot of log k against the reciprocal

abs
of temperature (Substrate : ANILINE).
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Froo the linear plotc of log kob against the

S
raciprocal of temperature { Figs. 4-%), the activation
energies were calculated. The other activation parameters

have been calculated end ere orown in Table 19,

Table 193 Activation Parameters

a +
Substrates E ART A- AS
(xJ mol"i) (&J mol‘i) (s“i) (ox~t mol"i)

4niline 4242 3942 2x10° ~19045
Eﬁ?ﬁ?’ 4243 3913 8310° -15545
N-Ethyl- 4043 5743 5%10° -17045
aniline
N,N-Dimethyl- . 2 .

aniline 3643 333 1.3x%10 -21046
HN-OLethyl- 3343 304; 1.5x10%  -21546
Diphenylamine 74k 6344 2x107 11535
Benzylamine  53+4 50+4 2x1®4~ -170+6

The loew valuec oi the activation energies ard of
szq& Wwere due to the resonance ctabilization of the intermediate
radical by the nitrogen lor-= ﬁe:f ( or the resonance stabilization
of the radical cation by the phenyl group). The large negative
Na

values of A suggestsd that tae formaetion of the transition

state was strongly enhanced by entropic factore. Values



e
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of AS in titig range for redical reactions havas been

ascrioed (113) to the nature of slectrom - pairing and
electron—unpairing procesnes, both of which are forvidden

processes,

Effect of edded X,Fe(CN),

The addition of X,Fe(CN), in the concentration

L

range (1.0 x 107 M to 1.0 x 107°Y), did not have any effest

on the rates of these oxidation reactions,

Bffect of ionic ctrength

Variations in the ionic strength of the medium
using KCL (fi,= G601 M to .25 M), did not have any effect

on the rates of these oxidation reactiong.

Bffect of added salts

The addition of saltsz such es NaCl, NaNO3, KNO3,

4M tc 5.0 x 10-3M),

Na, S0, , MgSO, (concentration range 1.0 x 107
did not have any effect on tue rates of these oxidation

reactions,

Structural irnfluences on the rate of oxidation

The introduction of electron releasin g group9
caused an increagse in the rate of the reaction, wherecas

eleciron withdrawing groups caused & decrease in the rate of
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the reaction. Such structural effects have beern observed in
the case of aniline and substituted anilines (Table 20),
diphenylamine and subgtituted diphenylamines (Table 21),

and for benzylamine and substituted benzylamines (Table 22).

Table 20: EBffect of substituents (anilines)

/ Substituent / 10513: K s
(0.0 M) (s™7)
p-methoxy 105.0
o-methoxy . 43.0
.p-metﬁyl 38.0
o-metayl 27.0
H-nethyl 22.0
1H(aniline) 19.0
p~-chloro i 1%.0
o=-chloro ) i2,0
I=chloro 8.0
m=-nitro 4.6
p=nitro - 3.0
o=~nitro _ 2,0

P

[ KsFe(CN)g / = 4 x 1070M; / NeOH / = 2.5 x 10™2u;

ag. methznol = 30% (v/v);//(.r— 0,1¥; temp. = 35°C.
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Table 21: Bffect of substituerts (dipnenylamines)

Nt 1w [ 5

/ Substituents / 167 x K yq

( 0.011) Ca
p-a.aino 25.1
p-aethoxy 10.0
p-metayl 7.1
T(diphsnylanine) 525
m=-nitro 1.1
p-nitro C.9

/ KgFe(CM) g / = 1 x 1077%; / MeOd / = G.i M;
ag. methanol = 70% (v/v);f&~= 0.1M; temp. = 50°C.

Table 22: Bffect of substituesnts (benzylenines)

6

/ Substituent / 107 x K 4
(1 .0M) ( =Y.

p-nethoxy 412
p-nethyl 148
-methyl 83

4 (benzylanine) 69
m-nethoxy 62
p-chloro 54
n-chlcro 28
m-nitro i5
p-nitro i1

/ KsFe(CN)¢ / = 0.01 153 / NaOH / = 1%10™2u;

aq. metkanol = 60% (v/v);f2,= O.iM; tomp. = 60°C.
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Hammett plot

Plots of log ko against o ( or o) vere

bs
. . } 5 + . 1

linear (Figs.9-fl), and the slopes gave g’ (or |2 )  values
(correlation coefficient = (.99 in each cesSe) aa shown in

Table 23.

Pable 23 & Values of )‘0” (ozp)

Substrates fr é«jo)

Anilines . ~ 1.0 (£)
Diphenylamines , ~ 1.6 (f3)
Benzylamines ' : -~ 1.0 (pP)

* Valuesg of cr* s & » and 6; have been taken from ref.ili.

Values of f’betWeen - 0.75 and =~ 1.8 indicate
‘radical processes (115,116); whersas the formation of an
ionic intermediate would yiéld velues of f’between ~ 3.0
"and -5,0 (117-119). 1In the.present\iHVestigation,.the fi
values for these.substrates‘( anilines, diphenylemines aﬁd
benzylamines) were in the range fbr processes wherein the
rate deterxining step involved the Fformation of radical

intermediates.

Polymerization of acrylonitrile and precipitation
with mercuric chloride have beesn obssrved in these amine .
oxidation reactions, supporting the formation of radical

intermediates in the rate detormining step.



Kinetic isotope effect

The Oxidatiosn ol benzylamine = - d, exbibited
a Xinetic isotopge effect, wita RH / kD = 6,3, irdicating a
cleavage of the C-H bord of the methrylens group attached
to tae aryl ring. Tais would result in the formation of a
radical intermediate. Irn the oxidation oi organic
substrates, similar k. / ky values hed indiceted a cleavage

of the C-H bord, givi-._ a radical intermediate (116,1206-122).

Radical Intermediates

The esr spectra of tiae corresponding redicals,
generatad frow the oxidation o°f ths subctretes, were obtainsd

( vide 'Bxperimental' : BS3 mzasurements).

(a) From tie oxidation of aniline

The esr spectrum of tae radical, generated from
the oxidation of anilins, corteinzd 4 c2to of 1:2:31 triplets.
Tais splitting pattern wes attributed to t.e interaction
of the umpaired elccticon €2in Jith the nitrogen atom, the
Qydrogen atom attacnzd ts the aitrogern, enc the two hydrogen
atowms at pociviors ortho to the nitrogen atom. Tnis spectrum
Was sialiler to that of tae short-lived anildno radical
(CSHSﬁH), obsarved during the iflash pactolysis of aniline in
the gas phase (123), or by conitinuous irrediation in rigid

glasses (i24).
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(v) From the oxidation of diphenylamine

The esr Spectrum of tae radical, generated from the
oxidetion of diphenylamine, gave a 1:2:1 triplet, corresponding

to the diphenylaminoc radical (Aer )+ The coupling constants
(in gauss) for the diphenylemino radical were; ay = 8.85,

oy (ortho) = 3.68, &y (metw) = 1,50, &y (para) = 4,30, with
a value of g, = 2.0030 + 0.0002.

(¢) From the oxidation of N,N-dimethylaniline

Thg esSr spectrun of the radical, generated from
the oxidation of N,N-dimethylerniline, gave 3 spactral lines
with peak heights of 1¢2:1. This is the peak height distributior
for an unpaired electren in the environment of two eguivelent
hydrogen atoms. The following inferences cen be drawn from
tais spectruns
(1) the stable radical was formed by the lossz of an

electron from the nitrogen atom.

(ii)the interaction of the unpeired electron with the
methyl groups was not observad, and hence no hyperfine

splitting was Seen.

(d) From tae oxidation of N,N~diethylaniline

The esx spectrum of the radical, generated from the
oxidation of N,N-diethylaniline, gave 12 spectrzl lines, The
spectrum indicated tlat the three protons of the methyl group

interact with the unpaired electron to give 2 hyperfine splitting
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of 27,0 gauss, Tue two methylens protons were magnetically

equivalent with a splitting of 22.5 gausss

(e) From the oxidation of benzylamine

The esr spectrun af the redical, genspated from
the oxidation of benzylamine, gave 12 spectral lines,
consifiting of four sets of 1:2:1 tripletsc. The unpaired
electron was subject to an interaction with the nitrogen
atom ( ay = 12.0 geuss). The coupling corstants (in gauss)
were a2’6 H = 3.40, a3’5 3= 3.45, and aqﬂ 3.3.55‘

Mechanism

(2) Oxidation of aniline

The rate 6i tﬁe reéction between aniline and
hexacyancferrete (III) in alkeline medium, was dependent
on the first powers of ths concantrations of both,
subsﬁrate anafoxiéapt (Table 1). Tgis indicated that phg;

‘reaction was directly betwzen the substrate and oxidant,

The addition of heXacyanoferrate (II) ions did not
have any effect on the rate 0f .the reaction. This showed that
the first step between the substrats and oxidant (the electror

absbtraction step) Was an irreversible step.
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The addition of salts did not have any effect on
the rate of the reaction, indicating that the reaction was

between en ion and a neutral (cipolar) species.

The reaction pathway wes via the formation of a
radical intermediate, characterized as the anilino radical
(ArNH) by BSR spectroscopy as 4 sets of 1:2:1 triplets

(vide 'Radical Intermediates').

The formation of the radiecal intermediate in tae
rate determining step of the recction was further supported
by the value of fﬁ = = 1,0, which was in the range for

reactiohs proceeding via redical intermediates (115,116).

The subseguent steps, invoelving oxidative
coupling, Were rapid, and no intermediate product(s) could
be isolated from the reaction nixture. BIfforts 1o isolate
hydrazobenzene (4) were not successful. Indepsndent kinetic
experiments conducted in this laboratory showed that
hydrazobenzene was rapidly corverted to azobenzene, under
the sawme experiwmental conditions. The rate comnstants at

35°C varied as follows: 10° x & 1) = 5,5 (0.01M hydrazo-~

obs(s‘
benzene) ard 56.0 (0.iM hydrazobenzene), ab {TKBFQ(CN)éjn 0.001M
(cf. rate dete in Table 1). Taus, hydrazcbenzene, if formed

as an intermediate in ths oxXidetion of aniline by alkaline
nexecyanoferrate(III), would be rapidly oxidized to the

proguct. Barlier work aad shown that ahydrazobenzene weas

quartitatively oxidized to azobenzene (8,133), at a much
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fester rete than wes aniline.

Owing to the reacy conversion of aromatic emines
to tas correscponding arylaydrezines (125), the conversion of
nonosubstituted hydrazines to tieir corresponding hydrocarbons
appeared to have Some synthetic utility (126-~132). Symmetrically
disubstituted hydrezines such as hydrazobsenzene (133), 2,3~
diszabicyclo { 2.2.1 | heptane (135), end 1,1-di-(p-acetamido-
phenyl) hydrazopropane (135), heve been oxidized by copper (IT)
only ac fer as the azo compound. Bven ir ths ceSe of some
cyclic hydrazines which undsrwent dehydrogenation to form a

hydrazone ,rether then an azo comsound(1is?), there was evidsice

J
to show taat the azo compound ozay still bz an intermediate

Waich umdsrwent rearrangesent to tae firal product.

Primary aro-natic amines have besr realdily oxidizad
to azobenzznes DbBY cuprous chloride and oxygen)when pyridine
wes usz2d as the solvent (1%3, 138-14C). Ths rate of
oxidation of aniline to azocber~zne wWag increassd hy electron

donating substituents (133%,138).

The presence of an ortho imino group changed the
copper (II) oxidetion of .rimery aromatic smines from an
intermolecular dinerization t¢ an intramolecular cyclizetion.
Thus acetaldenyde o-aminoaril was cyclized to 2-xebayl-
benzimidazole by cupric acetate (141i). An analogous
oxidation had occurrcd in tae case oF o-anindazobenzenes

(122-146),
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The products obtained from the lead tetraacetate
oxidation of anilines were bect rationalized in terme of
intermediate aminium cation redicels ( a;fgué } or anilino
radicals (4r ﬁH ). There was no evidence for the formation

of either nitrenes or amino cations, Ax'ﬁﬂ (147).

It kas been estabiished that phenols cen undergo
oxidative coupling in the presenrce of oxidizing agents such as
ferric chloride (148-150), Fenton's reagent(148-150),
manganese trisacetylacetonate in .CS2 ar acetonitrile(151),
vanadium tetrachloride or vanadium oxytrichloride(152-154),
and by hexacyanoferrate(IIL) in alkeline media(i55-161).

In an analogous menrer, the oxidative coupling of
amines has been effected. With KMnoq as the oxidant,
N-phenyl-2-naphthylamine wes converted to the 1,1 ~-coupling
;dimer 2t 0°C in about 4ot yield(162). 4 gimilar 5xidation
4ef N-2-naphthyl-8«naphthylamine by potessium permanganate:
gave the cor:e8ponding1carbon~carbon and qarbon-nitrogen-:
coupling products in yields:ocf 20% and 30%, resvectively
(162). |

Oxidative coupling, in which a C=C bond or a
N-N bond can be generated, was not limited to phenols and
aromatic amines. In the oxidation of am olefin with manganic
acetate in acetic acid, the major product was =z }Llactone

in which acetic¢ acid was coupled oxidatively to the



olefin (163,¥64). The oxidstive coupling of tsrminal
acetylenic compounds to give conjugeted diynes has bsen
observed eltaer with cupric acstvate in pyridine,or with
oXygen, cuprous ciloride arnd ammoniun chloride in agueoqus
etaanol (165-170).

In tne present irvestigation, tae mechawmism for
the oxidetion of aniline bv alisline hexecyenoferrate(III)
involved the formation of the radical intermediate, which
underwant further oxidative coulling to give the nroduct,
azovensene,

The reaction segusnce is shown in Scheae 1.
- - 3« slow, - - Lo __+

ar 5 + ATNE, + Fe(CN)Z~ %wm-r‘\m + Fo(CN)¢™
|
HH +HY

(&)

Lr N = N 4r + 2Fe(CN)Z” Test, v ¥ = NAr + 2Fe(cw)‘g‘

]

H H + 2ut

(Scheme 1)

The product obtained, azobenzene, was isolated and
cheracterized by spectral methods ( vide 'Zxporimentel’:

Product Lnalysis).



(b) Oxidetion of Ne-methylaniline

The observation of second order overall kinetics
(first order in each, substrate and oxidant) suggests that
the reaction involves the diract reaction between the
substrate and oxident (Table 2).

The addition of Dheoxacyanoferrate(II) ioms did
not have any effect on thes rate of the reaction. This showed
that the first step of thc reaction between tiHe substrete and
oxident (the electronsbstpaction step) was an irreversible
step.

The addition of zalts did not have any effect
on tha rate of the reaction, showing thet the reazction was
between an ion and a neutral (dipolar) molacule.

An intermedicte free radical was produced by che
transfer of one electron, from the nitrogen atom of the
anine to the oxident. The intermedimte species was
postulated to be an aminiuxn redicel cetion. Several
exenples of stable aminium radical cctions have besn reportad

(174-182).

The hydrogen abstraction reactions shown in Scheme 2,
leading to an intermediate radical species, were two-step
reactions. First, the electron was abstracted {rate-limiting),
and then tie protom was removed by 03I~ (fedt step). This wes

the function of the required, but Zinetically invisible bese.
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This mechanisn hes been demonstrated for a related system
(183) .

The subseguent steps Were rapid, =znd no intermediate
product(s) could be isolated from the regiction mixture. Bfforts
to isolate thec carbinclamine (B), were not successful. It
could be postulated that the carbinolemine, wher formed as
an intermediate, would be rapidly converted to the corresponiing
N-acyl derivetive. The nechanism involved the removal of
four slactrons from the starting compound, Which was in
agreement with the stoichiometry of the reaction.

The reaction sequence is shown in Schene 2.

Ar-NCH, + Fe(CN)2~ S19%, LB:]
3 6 fast
H —
. Fe (CN) 2~ + Hy0
& . i
(®)
Fe(CN) % [8:7]
0 ArN-CH0H > hr-N-CHOH
fast fast &
3-
Fe(CN) 2~
— 8 wrwlhmos 4r-N-G20
fast é (‘H ) H

( Schame 2 )
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(c) Oxidation of M-ethylaniline

The rote of the reaction wes first order In each,
substrate end oxidant (Table 2), showing thet the rate-
deterininirg ctep involved the direct reaction between the
substrate and thz2 oxidant.

The addition of hexacyanoferrate (IL) ions did not
heve any effect on the rats of the reasction. This indiceated
that the first step of the reaction (electron abstraction
step) was an irrewversible step.

The ad@itioﬁ»of selts did not have any effect
on the rate of the reaction, irdicating that the reaction
wes between an ion and a nautral (dipolar) species.

The first step of the rsactior involvad an =lectron
trensier from the nitrogen atom of the amine to the oxidant,
resulting in the formation of the aminium radicel cation,
Bxanplss of stable amirium radical cations have been
reported (171-182).

The hydroger abstraction rsactions shown in Scaeme %,
resulting in the formation of intermediate redicel species,
wergr two-step reacticns, In the first step, the electrom was
avstracted (slow step). 2lemovel sf a croton by the base gave
rise to a radical intermsdiates ( fast step). This was the
function of the reguired, dul Zinetically invisible bese.
such a mecihanisn has been emvnstrated for a releted

system (183).
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The subseguent stops were rapid, znd po intermediate
product(s) could be isclated from the reaction mixture. Biforvs
t0 .isolate the carbinolemine (C), werec mot successful. The
rexaining fast steps involved the elimination of water from
the carbinolanine, and further oxidation of the resultant
enamine to afford an N-acyl derivative (férmanilide) and a
carbonyl gompound (formaldehyde, present as the hydrete). The
oxidetion of the enamine most likely involved hydroxylation
cf the double bornd followad by oxidative cleavage of the
resulvant o(fglycol, to vield the products, The oxidativs
cleavege of 1,2-glycols to yizid the aldehydss nas hzen

esteblishzd in eearlier investigetions (184-187).

The nechanism involved the removal of six electrons
from the starting compound, which was in agresment with the

stoichicnatry 2f the reagctiin,

Th2 seguence 0f raactizns is ghown in Schane 3.

.+ - L J
Ar-N-C He + Fo(on)3™ 21085 Acinoc i?.-.l.; Ar~fl-CHCH
3 2 5 6 - ' 2 ) f‘ "'t ¢ 3
H H as H
- OH
Fa(Ch)g + Ho0 i
as H K H H
&)
zre(cw)g‘ ?H zre(cm)a‘

( Scheme 3 )
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(q) Oxidation of N, N-Dimethylaniline

The rate 0f the reection was first order in each,
substrate and oxidant (Table 3), snowing trat the rate-
determining step involved the direct reaction between the

substrate znd oxidant.
The adaition of hexacyanoferrate(II) ions did not
have any efiect on ths rate of tne recctisn. This indicated

that tae firct stsp of the recction (elsctron abstraction

Q

tep) was en irreversibie step.

The addition of salts did not have any sfiecet on
the rate of the rezction, showing that the resction wes

Detween an ion and a meutral (dipolar) species,

An intarmediate free radicel was producsd by the
transier of owe electrorn, <rom the nitrogen atom of the
amine to the oxicent., The intermeiiate species was postulatad
to be an aminiun radical cation. Several exampiss of stakle

aniniun racdical cations have besn reported (171-182).
The hydrogen abstraction rezsctiors saocwn in Scheme &,

lecding to an intermnediate radical specizs, wWare two-step

reactions. First, ths slectron was lost(rate-limiting), and



then the proton was abstrazcted by OH  ( fast step). Tiois
was the function of the rejuired, but Xinetically invisible
basz., This mechanism hes hesn demongftrated for & related

systen (183).

The subsegjuent steps were rapid, and no intermediate
product(s) could be isolated from the reaction mixture.
Bfforts tc isolate the carbinolamine(D), wers not successful.
It could be postulated that the carbinclamine, when formad
es an intermediate, would bz rapidly converted to the
corresponding Ne-acyl derivative. Ths mecheanism involved
the removal of four electroms from the starting cowpound,

which was in agresment with the stoichiometry of the reaction.

Tae seduence of rsactions is sihown in Schame 4.

(B:]

- - l‘ 0"‘
ar N(GLy), + Fe(a)3™ S ArN —(CH) o —572%
o Fe(CN) 2™ _—
Ar.'l\h 3 -;;;;——-’AI—Q;J—-C}IS 2 3 AI‘-—I;I - CZ-I3
ca s CH,,08
¢y “o (of
Fe (CI) g" , [B:] 3
— 6y ar N, 2y ArN-GI  Fe(CN)2"
fast. I4 3 fest [ 3 BRAA
G 0t CH0g fest
5‘;
Ar NCE

3
QHOH +)7 Ar N-CH

(-H 3
CHEO

( Scheme 4 ).
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(e) Oxidation of N,N-Gietiylaniline

The observation of second ordsr overall Xinetics
(first order in each, substrate and oxidant) showed that
the mechanistic pathway involved the direct reaction

betweenthe substrate and oxidant (Table 3).

The addition of hexeacyanoferrate(II) ions did not
effect the rate of the reaction, indicating that the
first step of the reectiorn (glectron abstracticn step)

was an irreversible stzp.

The addition of salts did not have any eififect
on the rate of the reaction, indiceting that the reaction

wes between an ion and a neutrsl (dipolar) species,

The first step of the reactisn involved the oxidation
of the amine to the carbinolemine (B), which then underwent
rearrangenent, rapidly, to give the secorndary amine (N-ethyl-
aniline) and acetaldehyde. Bvidently, this type of
conversion was predominant in the initial stags of the
reaction. This would explein the formation of acetaldehyde.
The reaction of the secondary amine with the oxident gave
the eaminium radical fation (slow step). Removal of the

proton by the base gave the radical intermediate (fest step).

The subgeguent steps were repid, and no intermediate

product(s) could be iscleted from the reaction mixture.
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Bfforts to isolate the carblnolamlne(ﬁ), Were not succegeful.
The remeining fest steps involved tiae eliwination of weter
from vhe carbinolamine, and further oxidetion of the
resultant encmine to give an N-acyl derivative (formanilide)
end a carbonyl compound (formeldshyde, present as the
hydrate). The oxidetion of the emamine involved the
hyQroxylation of thie double bqnd}folloWed by oxidetive
cleavage of the .resultant of-glycol to yisld the products-.
The oxideative cleavage of 1i,2-glycols to yizld the aldehydes

has been established in esrlier investigations (184-187).

Phe pmechanism involved the removel o eight
electrons from the sterting compound, whick was in agrsement

with the stoichiomestry of the reaction.

The seguenegeof reactions is showm in Scheme 5.

AT-N(CoHe )y + 2Fe(TN)Z™ + HyD -3 Ar—N-¢~CH3 —> Ar-y-*

c : “2"
2"
+  CHLCHO
(E)
-+ -
Ar-N-H + Fe(CN)6 _fiﬂﬂé Ar-N-H J;_;lg Ar~N-CHCH3 -
toH Ly Fast 4
"5 2’5
FG(CN)B H D QH H
> Ar-N- CHCH3 ..”mg Ar- N~%-CH3 > Ar-N CHe=C
Fast h H o 4
(£)
2Fe(CN);- i 2Fa (CN) g~
Ar-N-C- CHyUH > Ar-?-CHO +  CHO
2H,0 B H

{ Schame 5 )



The oxidation of N-meivhylariline, N-ethylaniline
and N,N-diethylaniline to yisld formanilide{ and the
oxidation of N,N-dinethyleniline to yield Nwmuetikylformenilide,
constitute examples of reactions wherzin the oxidetion
occurred et the N-alkyl side chains, leading to the formation
0 f Nealdehydes.

4 significant observetion w;s that while the
oxidetion of N,N-dimetaylaniline by elkaline hexacyanoferrate

(I1I) gave N-methylformanilide (Scheme &), that is

Ar N(CH —> &r NCHO

Gy ,

5)o

the alkaline hexacyanoferrate{IIl) oxidation of N,N-diethyl-
aniline aid not give ary of taz analogous M-ethylacetanilidd

(Scheme 5), that is

0

] o

&r N(Cyiy ), .764—§ Armrg—:-C—C&lS
™5
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Instead, the oxidation of N,N-diethylaniline gave formarilide

and acetaldehyde (Scheme 5), that is

Lr-N(CHg)y ——3 CHLCH0 + &r-NH Gy Hy

Ar-Nid 021-15 — Ly-NHCH = CHZ_‘_AT--}\J-CHO
H

Bvidently, in the oxidstion of N,N-diethylaniline
by alkaline hexecyanoferrate(III), the type of conveksion(g)
was totally exeluded,

O - o
{ { i

(2) -{\I—CHB .C?.:.L -h’q”maz ~N—Cd .

Instead, the type of covversion which dominated in the
P e
initial step was convercsion (B),

OH _ 0
J . ol A ] f
() ~N—=-C,R —~—=> -N-(GR —> - + HR .

In the later stage, the type of conversion was (C),

. - ' Ql“{ . e
! ) | 1 -2 0
(¢) =~ N - CH G R Lel, h—&- CEL R 2 >
» OH )
f -~ T
B _ 0 0
! ] T
—N ~ CH + ACR

In an analogous oxidation of N-ecthyl, N-mcthyle-
aniline (1) by hesacyanoferrate (III) ir alkeline wedium,

it was observed that a mixture of N-ethylformanilide (2)
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end fornenilide (4) wes obiaimad.

(2)
e N O, Ly ~N-CT0
JJ‘C{N 3 SRR ) )
25 Co%s

(1) (2)
(b

)
Ar-1-CH, S Ar-T-CZ0
oy — =4

(3) (%)
The foruction of N-ethylformenilide (2) was an exe.ple
of 2 type (a) comversion, while the formation of forremilide(t)

reprecented a tzgegbz COnVarSionie

Both MNemethylaniline and N-etaylaniline were
oxidized by alkeline haexacyanoferrate(ITII) to xormanilide.
However, tiae formanilide obtzi- .4 from tae oxidation of
N-etayl, N-methylaniline (1) probebly involved tha
internediacy of Nemethylanilire (g), retier than N-ethyl-
anilinzs. This trensformetion imvolved the cleavags of the
C-Z bond of tae c(}carbOL of the ethyl group. 0Uio would
be corsgistent with the facv thet a gecordary C-~I word was

more reactive then e prisery C-H bond,.

1,

Oxicdeticr. of diphenylaviine

The obsarved secord ordar overall kinstico (Lirst
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order in each, substrate and oxidant, Table %), indicated
that the first step involved the direct reaction between
tne substrate and oxidant. This step was ar irreversible
one, confirmed by the experimental observetion that the
addition of hexecyanoferrate (II) ioms aid not have any

effect on thz rate of the reaciion.,

The addition of salts did not have any effect
on the rate of the reaction, indicating that the reaction

Wwas between an ion and a neutral (dipéiar) molecule.

The reaction pathway was via the formatiorn of a
radicel intermediate (diphenylamino radical, Arzﬁ ), waich
was detected by BESR spectroscony as a 1:2:1 triplet.

The subseguent stzsp was rapid, resulting in the

formation of the product, tetraphenylhydrazine.

\

The mechanistic pathway can be represented as

foliows (Scheme 6)3
Ar N + Fe(CM)2~ BV, 4p N 4 Fe(CN):™ 4 mt
oM 6 —>*g 6 *°

2N—NAI

d - fast
arol + &x T+ Fo(cN)g 220, 4 o

+ Fe(CNy,~ + H'

( Scheme 6 )
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The formation of a radical Imtermediate in the
rate determining step of the reaction was supported by the
value of {>= -~ 1.0, which was in tae range for reactions

proceeding via radical intermediates (115,116).

Oxidation of benzylamine

The rate of the reaction wes dependent on the First
powers of the concentratiosns of substrate and oxidant
(Teble 5), indicating that the firost step of the reaction

was betWween the substrate and oxidant.

The lack of any effect on the rate of the reactiocn
by the addition of hexacyenoferrate(II) iors, indicated that
the first step of the reaction (glectron ahstraction step)
Was anr irreversible step.

The cddition of salts did not nave any eiffect on tae
rate of the reaction, suggestizg thet the reaction was
betWween an ion and e neutral (dipolar) aolecule.

The first gstep of the reaction involved am clectron
transfer from the nitrogen atom of the amine to the oxident,
resulting in the formatior of an aminiunm radical cation,
Bxeriples of steble aminiun radical cations have vzen reportadl
(171-182),

The hydrogen abstraction reaction sihown in Scaheme 7,

leeding to the formation of Ar—éﬁ—NHz, was a two-stcp Process.
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First, the electron was lost (rate-limiting), and then the
proton wes abstracted by OI (fast). This was the function
of the required, but kinetically invisible base. This

mechanism has been demonsStrated for a related system(183).

In uneutral or weaXly besic solution, it wes suggestel
that the reaction between substituted benzylamires and
permanganate procseds by a wechanism invélving the direct
reaction between the amine and permengenate icn in the
rate-determining step (94). The precominant process in this
oxidation reaction was suggested to be the abstraction of
either an f~-hydrogen atom or a aydride iom (9%), or an
electron abstraction from the nitrogen stom (9%). In the
case of ths oxidetion of benzylamine by permanganate(94),
the pathway suggested was either ;

(a) the transfer of & hyfrczgen atom in the slow stsp to give
¥n(VI) arnd a radiceal intermediate, followed by rapid
oxidation 0of the radicel, or

(b) the tramsfer of a hydride ion to give Un{(V) and a

cationic intermediate in a single slow step.

In the prescent investigestion, the radical intermediate
wag characterized by the vclue of f}= - 1.0, by the kinetic
isotope effect( Ry / ky = 6+.3), and by BSR spectroscopy which

sahowed four sets of 1:2:1 triplets.
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The radical intermediate thus formed was subjesct to
immediate further oxidation, via the imine conjugate acid,
to yield the products, benzaldehyde and ammonia, which were
characterized by spectral methods (vide 'Bxperinental’ :

Product Analysis).

The seguence of reactions is shown in Schezoe 7.

ar G NI, + Fe(CN)Z™ EXOy s, M,

. 3-
(ol s Ny F:(CN) 6, ar-ftom, —>
ag i

~

7,0
Ar-CH = 1?32 J..;[Ar—?&l—-mz —

Oz

Ar-CHO «+ 1\1}13

( Scaenme 7 )
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CAAPTER 3

KINETICS OF OXIDATION OF SOME INORGANLC

SULFUR COMPOUNDS

The oxidation of inorganic sulfur compounas has
been studied by several workers, using a variety of oxidizing

agents.

BARLIER WORK

(2) SULFITE ION

The products formed when sulfite is oxidizad are
diagnostic of tihe character of tihe oxidant. One-electron
transfer rsagents comvert sulfite to dithionate, 82062—

(via the radical anion, SOBT ), wihereas two-electron oxidants
tend to produce sulfate. Permanganate can produce boita
products but with an excess of permangamate, or, in basic
solutien, tiners was an almost guantitative yield of the
sulfete(l). The oxidetion of sulfite by oxygen-18 labeled
permanganate showed that partisl transfer of oxygen (0.2
atoms of oxygen per mole of sulfate forméd) from permanganate
occurred during the oxidatiom (2). In acid media, sulfite
ion hag been oxidized by & variety of tramnsition metal ions,

b4

notable among thése being Fe(phen)33+ and Fe”  ioms (3-7),



i

sulfite

b
[

HCr0, ion (8) end IrCl%“ ion (9). The rescticn o
with some guinones had yield=d & relationsnip with the recdox
potential{10). Verious types of metal ion complexes have been
cmployed for the oxidation of sulfite lons, as for example}
the Cu{III) tetraglycine complex(il), the Co(III) complex(i2),
and the tetramine platinua (IV) complex (13). The kinetics

of oxidation of sulfite ions by V(V) in acid mediuwm (1&), end

by N-chloroallylalawine (15) have been reported.

(v) DITIIONITE ION

There was abundant evideunce tihct the dithionite ion,
2- . - . . .
Sgoh s undervwent repid fragmentation in ecusous solution.
-
The kinetic schomes werce complicated and the product balancer

were often not complete (16,17). It hes been establisnsd taat

o

the dithionite iom is a strong end versatile two-electron
reducing agent (18). The reduction of carbonyl compounds with
godium dithionite hes bzen reported (19,20). Verious metal
ion complexeS have been used to oxidise the dithionité

ion (21,22).

(¢) THIOSULFATE LION

The oxidetion of thiosulfete by alkaline
permenganate had yielded the sulfate (23,2%). The oxidetion
of thiosulfate by iodine, forming tetrethionate and iodide,
is perheps the best known reaction of taiosulfate and forms

the basis of the titrimetric iodometric guentitative



determinations of oxidizing agents (25,26). The oxidation of
thiosulfate by various metal ion oxidants was shown to procgad
either through the intermediacy of metal-thiosulfate complexXes
(27-35) formed prior to electron tramsfer or without a change
in the inmner coordination sphere of the metal (36-36). The
oxidation of thiocsulfate by bromoacetate ion has been reportco
(40) . The oxidation of thiosulfete by tetranitromethane, both
in the presence and absence of Cu(II) in aquedus mixtures of
methanol and ethanol, has been ctudied (41). The oxidation

of thiosulfate by sodiun iodoecetate had repocted the formetion
of ion pairs (&2). Octacyanomolybdate (V) has been uged for
the oxidation of thiosulfate ion (43). The reaction of
thicsulfate with methyl iodide in agueous solutions was
reported (4%). The oxidation of thiosulfate by W(V) ion has

been investigated(45).

(2) THIOCYANATE ION

In the presence of acid permanganate or neutral
permanganate, the oxidation of thiocyanate tended to be
incomplete (46). With alkaline permenganate, thiocyanate
was oxidized to sulfate and cyanate (47). Numerous investi-
gations of the ionic association of ferric ion with thiocyanate
ion were reported (48-55). Thiocyenzte ion nas been oxidized
by a variety of oxidizing agents such as Fe3+ ions (56-59),

hydrogen peroxide (60), the sguocobaltic iom (61),



T

cytochrome C and porphyrin complexes (62,63), inorganic
coaplexes (64%,65), agueous iodine (66), bismuth (V) ion {67),

Cr6+

ions (68-70), rhodium (IIIL) complex (71),Venadium (V)

ion (72), Fe(phen)Bs* 2nd its derivatives (73), the Qs(bipy);'j+
complex (74), chloramine-T (75,76), Ir (IV) in zcid mediun(77),
acid bromate (78), and by the 12-tungstocobaltate [III)

complex (79).
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PAESENT WORK

The kinetics of oxidation of inorganic sulfur
compounds by hexzacyanoferrate (IIL) in alkaline aedium, has
not received adeguate attention. The present work is & dstailecd
kinetic investigation of the oxidation of sowe inorganic
gulfur compounds (sulfite, metebisulfite, dithionite,
th;osulfate and thiocyanate ions) by potassium hexacyano-
ferrate (III), in alkaline meGium, at conStant ionic strength,

urder a nitrogen atmosphere.

Stoichiometry ( vide ‘Bxperimental'):

The stoichiocmetry of the resctions were determinsd
to be:
(a) For Sulfite

| 2- 4
§‘+ 2Fe(0N) 2" —p 5206  + ZFelM)g .

2 SO

(b) Por metabisulfite

S0 4 2Fe (CN)7™ + 2 OH —3 S,057+ 2 Fe(CN) ™ + HyO.

(¢) For dithionite

$,0,%+ 2Fe (ON)2™ + 4 OH"—3 250

2-

® b
3 * 2Le(CN)6 + 2H20

(&) For thiosulfate

- - L.
2 5,05 + 2Fe(CN)7"—3 5,087 + 2 Fe(cn){ .
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{(2) For thiocyanate

2 SCN™ «+ 2Fe(CN)2—-—€>(SCN)2 + 2Fe(CN)2—.

3(SCH), + 4 H,0 CN~ + SO°" + 5 Sey~ + eut
2 2 L

Bffect of substirate and oxidant

The retes of the reactions wore obsarved to be
dependent on the first powers of the concentrations of

eech, substrate and oxidant { Tables 1 - 5 ).

Table 1: Bffect of suvbstrate end oxidant

/ Sulfite / / EzFe(CN)g / 10* x Kons
(10° x M) (10° x 1) (s
7.5 1.0 6.2
10.0 1,0 8.3
25,0 1.0 20.8
50.0 ' 1.0 42.0
75.0 i.0 63 .0
10.0 0.75 8.4
10.0 0.50 8.2
10.0 0.10 8.3

/ NaOH / = 0.1 M: A= 0.05 M; terp. = 35°C.
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Table 2: EBffect of substratc and oxidant

I
/ K5S,05 / / K3F3(CN)6 / 107 x K o
(10° x M) ( 10> x M) (st
7.5 1.0 10.8
10.0 1.0 14,5
25.0 1.0 36.0
50.0 1.0 7% .0
705 0075 10.5
705 0.50 11.0
7.5 0.10 10.8
/ NaOH / = Q.1 M f4f= 0.05 ¥; temp. = 35°C.
Table %33 Bffect of substrate and oxident
/ Dithionite / / KBFe(CN)G / 10% % .
(10 x M) (10° x M) ( 7ty
1.0 1.0 2.2
2.5 1.0 5.6
5.0 1.0 i1.0
10,0 1.0 22,0
25.0 1.0 56.0
1.0 0.75 2.0
1.0 0.50 2.2
1.0 0.10 2.0

/ NeOE / = 0.1 M;%AA=CLOS M; temp. = 359C.
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Table & : Bffect of substrate and oxident

/ Thiosulfate / / K3F3(CN)6 / 1C§5>@kobs
() (:3.03 % M) . ( g™t )
oul 1.0 2.1
1 0.25 1.0 5.2
.50 i.o 10.6
1.0 1.0 21.4
0.5 0.75 10.7
0.5 0.5 10.5
05 0.1 10.7

/ NaOH / = 0.4 M; f= 0.05 M; temp. = 35°¢.

Table 5. .:BEffect of substrate and oxidant

/ Thiocyanate / / K3Fe(CN)6 / 10° x K obs
(1) (10° x m) (s7h
0.1 1.0 0.7
0.5 1.0 345
1.0 1.0 7.0
1.5 1.0 10.8
2.0 1.0 14,2
2.0 ¢.5 14.0
2.0 2.5 14,2
2.0 5.0 i%,0
2.0 10.0 14.0

/ NaOH / = 0,5 M; fb = 0.05 M; temp. = 50°C.
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Plots of kobs’ the pseudo first order rate constant, ageinst

a ten-fold range of concentPation of substrate, gave streight
lines passing through ths origin, indicating that the rate of
oxidation was dependent on the first power of the concentrations
of the substrate. This was further seen by the constant values
of kz, the second oxder rate comstant. When a constant
concentration of substrate (large excess) was used, k ;.
did not show any appreciable variation with czanging
concentrations of oxidant (ten-fold range) irdicating a first
orcder dependence of the rate of the reaction on the

concentration of tho oxidant (Fables 1-5).

Bffect of alkali

The rates of the reactions were dependent on the
first powers of the concentrations of a2lkali in the range
studied in the case of the sulfite, bisulfite and dithiomite
ions (Table 6 ). In the case of the thiosulfate and
thiocyanate icns, the rates were indepondent of the

concentrations of alkali in the range studied.(Table 7 ).
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Table 6. Bffect of NaOH

Substretes  10°x k_, ., S =, at 35°C for / NaOH / at

{

{ 0.01 M) 0.025 H 0.050 M 0.10 ¥  0.25 i 0.50 M
Suifiteo 9.1 L.2 8.5 91.2 52,0
Bisulfite* 2.7 5.4 10.8 97.5 55,0
Dithionite 0.5 1.0 5.2 5.5 11.0

K Fe(CN) g = 1 x 107 M3 (A= 0.05

¥/ Substrate / = 7.5 x 107 I

Table 7 : Bffect of NalH

Substrates 105x Xops® .<.=;"'1 , at 35°C for / NaOH / &t
{ 0.5 M) 0.025 M 0.05 M 6.10 ¥ .25 M C.50 M
Thiosulfate 10.% 10.5 10.6 10.3 10.5

= “‘30 = 0 A
/ KBFe(CN)6 / =1 x 10" M; f<- C.05 M

* / Thiocyanate / = 2.0 K; temp. = 50°C.



Rate law

Under the present experimental corditicns, the

roete law could be expressed as!

(a) For Sulfite, bisulfitc and dithionite ions

3 3"
Rate = - _/Fe(MG / . x  / Substrate/ / Fe(CW)2™ / / 02 /
at oBSs

N O P

(b) For thiosulfate and thiocyanate ions

'a/Fe(CN)z“ /
Rate =-— ok 7 = Kops

/ Substrate/ / Fe(CH)Z™ /

ceeeereee (2.

The pseudo first order rate constant, kobs’ we.s deétermined
by keeping the concentrations of two cut of the three reactants
(substrate, oxident and alkali) constant, end was calculated

from the eguation (80):

D
= 2.%03 10g Q esess o0 (3)

Dy

where DO was the initial optical demsity of the reaction

VA - Kops

nixturce, and D, was the optical density at time, ( vide

‘Bxperimental® : Calculations).

Effect of temperpature

The rates of the reactions were influenccd by

chenges in teaperature (Teble 8). Plots of log K g 8gainst



fam
L L f

the reciprodal of temperature were linear (Figs. 1 -~ 5 ),
suggasting the validity of the Arrhenius eguation. The slopes
of the plots were used tc calculate the activation energies
of the reactions (vide 'BExperismntal' : Celculetions). The
other activation parameters have been evaluated and are

shown in Table 9.

Table 8 : Bffect of tamperature

Substrates 10Exkobs, sgl, at teomperatwures (+ 0.100)

30’0 3500 40-0 4500 50.0
Sulfite 6.1 8.3 ii.0 14,8 20.3
Bisulfite 7.9 10.8 16.0 19,6 _
Dithionite 1.4 2.2 5.5 7.0 i0.2
Thiosulfate 0.6 1.1 2.2 4.4 9.0
*¥Phiocyenate 14,2% 17-0b 20.0° 23.0d 26.5°

/ KsFe(CM)g / = 1 x 1077M; / MaOH / = 0.1 I

/J{‘ = 0.05 Mo
/ Sulfite / = / Dithionite / = 0.01 M; / Bisulfite / = 7.5x10 “I;

(]

/ Thiosulfate / = 0.1 M.
*¥ / Thiocyanate / = 2.0 M; / Na0O9 / = 0.5 M; / KBFG(CN)6 /

0.05 i; 250°c, P55°c; ©60°c, Y65°c,

=1 x 107 3 pa

€70%c.
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Substrate;
121 SODIUM SULFITE
(\
T :
4 + logk
g1obg
(s77)
)
U Y 9«-&{ \\
\
\
\
@
\
0.6 , .
3.0 3,2 3.4
1031 —>

Fig, 1 . Plot of 1log k against the

obs

raciprocal of temparature
(Substrate:s SODIUM SULFITE)




Substrate:
0.9 4 soDIUM DITHIONITE
0.5 T
4 + longbs
-1
(s7)
0.1
¢ R L i
3.0 3.2 3.4

109 )7 —>

Fig. 2 . Plot of log k against theo

obs
reciprocal of temporature
(Substrate ¢ SODIUM DITHIONITE)
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Te
“ Substrata:
POT ASSIUM MET ABISULFITE
¢
™
4 + log kOb3
(=)
1.14
y
T
0.8 b- . r~ - e
3.0 3,2 3.4

103/7

Fig. 3 . Plot of 1lng k against the

obs
rociprocal of temperature
(Substratc: POTASSIUM

MET ABISULFITE)




Substrate:

1.6 SODIUM THIOSULFATE

'1\ 1.2 |

5 + lag kob%
(s~

0.4 - -
3.0 3.2 3.4

w3y —>

Fig. 4 . Plot of log kobs against the

raciprocal of temperaturc
(Substrate : SODIUM THIOSULF ATE)
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0.5 T Substrato:
SObIUM THIDEYANA[&

4 + log Kaobs

Cl)
0,3 7

2,8 3.0 3.2

103/7 —

Fig. 5. Plot of 1log k against tha

obs

raeciprocal of temperature
{(Substrata : S0DIUM THIOCYANATE)




Table 9 : Activation Parameters

B Z o7 7
p: L PASSS
Substrates .=l -1 4;1 -1 A
(&g mol 7)) (s D) (5 mol ) 5 ! o1~

Sulfite 47 42 7.5:10%  hhe2 ~16045
Bisulfite 4642 7.0x10° 4342 16045
Dithionite 9045 p.xiott 8743 - 3042
Thiosulfate 107+k 175007 %  1Qk+k - 1042
'Tifziocyanate 28:_2 ’ 6-31(101* 25:2 "18015

Bffect of iomnic strength

The variction of ionic strength by using
XCL(jt= 0.05 M to 0.50 M), did not have any effect on the

rates of the reactions.

Effect of added K,Fe(CN)

The addition of K,Fe(CN), in ths concentration

4

range, 1.0x10” M to 1.Ox10—3M, did not have any influence on

the rates of the reactions.

Radical intermediates

(a) From the oxidation of sulfits ion

The kinetics were performed in a 10 ml mixture of

2-propancl: water (1:1). After completion of a kinetic run,
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as evideuced by the disappearance of the yellow colour due to
Fe(CN)Z-, 2ml of 50% agusous NaCH and 2 ml of 10% 4-hydroxy-
3-methoxybenzaldehyde in methanol were added. The resulting
solution was diluted with water (approximetely 5 ml), and
heated to 60°C in a weter bath. & yellow colouretion wes
obtained, indicating that 2-propancl had been oxidized to

. - 2~
propanone. Solutioms combaining no reactants and only 803

were used &8 blanks. The resection between 2-propanol and
hexacyanoferrate (III) did not proceed. This cvidence strongly
suggested that a radical mecheniasm weas inportant in the

reaction of sulfite ions and hexeccyanoferrate(III).

The free radical was unot cbserved using ESR
(B-4, Varian). It was possible that the radical was present

in very low concentrations, and hence coull not be detected,

under the present experimental copditions.

The pregenceg of a radical species ( SOé)in
reactions involving the oxidation of sulfite ions, and the
imhibitive action of aleohols on such oxidation reactions,

hes been suggested in an earlisr investigetion (81).

(b) From the oxidation of ditiionite ion

The structurc of sodium dithionite (82) was

perked by an unusually long sulfur-sulfur bond, suggesting
that 805 radicals might readily be formed from dithionite

-

The oxidation reasction of dithionite may well be explained by
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assuiaing that the rather unstable ion splite according to the

equation
<

2

O
590y,

3 2 §Q
to form two readical ions. These may then undergo further
oxidation. A free radical in low concentrations in noist
dithionite (83,84), and in deaerated agueous solutions (85)
was detected. Upon the basis of the work domne by several

investigatore (82,83,86), it wes reasonable to expect that

o A s o . 2- . . '
the dithionite anion (8204 ) in agucous solution was in

2
of the SOE radical ion has been confirmed by ESR spectroscopy

eqpilibriuvm with peramagnetic S0, radical ions. The presence
(87,88). In the present investigetion, BSR spectroscopy gave
a single broad line with a hyperfine splitting constant of
14,0 geuss, and a value of Eay = 2.0060 + G.GCOk. Thus, the

dithionite ion cdissociztes revergibly in agueous solution,

§.0%" —

o0, T— 2 SOE s which is supported by the value of tae

isotropic hyperfine coupling constant (1%2.0 gauss), showing
thet the electron is in & f{-orbital associated with only one

sulfur atom.

The reduction reeactions of biochemical species by
dithionite ions hed saown that the dominant reductant wes the

S&Z radical {89-96).



(c) From the oxidation of thiccyanate ion

The ex?gtence of the iom-radical (SCN)2: , a8 an
intermsdiate in t%é reactions oZ thiocyenate ions has been
established (56,'7;’3,'74,77,97)° Simple electron tramsfer from
SCN~ to thd oxidént to give a SCN® radical was not favoured
thermodynamicall§ (98,99) . 4n caplier investigation (73) hed
establisned that electron transfer from SCN~ to Fe(III) phen,
to give a SCN* rédical was thermodynanmiceally unfavourable,
since the radicafg SCN® , was & very high-energy species.
Unfavourakle energy regquircments were suggested to accourt
for the complicatéd mechanism in the oxidationm of I” and CN™
ions by Fe(H20)2+<?efs. 10G,101) and Fe(CNT%d(ref. 102).
Instead, radical iéns such &8 121 and (CN); were thought to

be involved (103%).

Mechanism

(&) Oxidation of sulfite ion

The redox pétentials (98) for the couples
2- 2- 3~ L
a e’ w
SO3 / 5206 an Fe(CN)6 / F (CN)6 ere
thermodynamically favoureble for electron transfer betwaen
the substrate and oxidant. Oxidetion reactions by hexa-
cyaroferrate (IIL) mostly involve outer-sphere electron

change, and the formation of radical intermediates hes been

well - documented (104 - 106).
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In the present investigation, the reaction
between the sulfite ion and hexacyansferrate (I1I) wag observed
to depend on the first powers of the concentrations of
substrate, oxidant and alxali (Tables 1,6). Bvidenece hes been
presented to suggest that o radical intermediate was formed
in the slow step of the rcaction, This radical intermcediate
was characterized (vide 'Radical intermediates'). The presence

of Sog radical in reacticns irvolving the oxidation of SO%"

ion,
and the iphibitive action of alecchols on such reactions has

been suggested (81).

There was no spectral evidence for the prescnce
of any complex formation between sulfite ion and hexacyano-
ferrate (II1). Repeated end coptinuous scenuning of the reaction
golutions (frcom 25C nm to 650 nm), even with higher initial con-
cegntradstions of the reactants; did not show any pesk or
shoulder othexr than those corresponding to the reactants and
the products. When the experiment was conducted in the

140N" s there was no labelled cyano-ligend in the

presence of
Fe(CN)z- product, ensuring the absence of cyano exchange.
Thus, the formation of an intcermediate fomplex between the
sulfite ion and hexacyanoferrate (III), in the present
investigetion, seems highly unlikely. Furthoermore, the

formation of an intermediatz complex between tixe substrate

and oxidant would be facilitated by the presence of a sulfite



ligand of very low Lewis basicity (107), which would be

able to substitute, or attoch itself to, a cyano-ligand in &
non~labile low~spin ds—octahedral complex, Fe(CN)%". In all
probability, this would inhercntly be forbidden. Finally, the
experimental observation thet the rate of the reaction was
first order im substrate end cridant rules out the possibility
of the feaction proceeding through an intermediete complex
formetion. The rate of the reaction was unaffectcd by
veriations in tiae ionic strength of the medium and bWy choangec
in the concentration of added KQFG(CN)6. The absSence of complex
formation rules out the poseibility of an inner sphere

pathway, s suggested earlier (108).

The first order dependence of the rate cof the
reaction on the concentrations of both, substrete and
oxidant, suggested that the mechenisn of the oxidation process
Wwe.s via an outer sphere process., Thais involved the direct
reaction of sulfite ion ard heracyanoferrate (III) to give &
radical species, which undorwent rapid dimerization tc yield
dithionate as the product. This product was iscletzd end

cheracterized (vide 'Bxperiocuntal': Product analysis).

Phe mechanistic pathway cen be rapresentad ac

follows: -
2— 3 slow . L.
so3 + Fe(CN) 5 > 803 + Fe(CN)6

—

2 so3 ————p S, 06“
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(b) Oxidation of Thiosulfcte

The redox potentials {98) for the couples

3202- / 5402_ and FG(CN)Z~ / Fe(CN)z— were thermodynamically

3
favourable for slectron transfer between thiosulfate and

2—-
hexecyanoferrate (IIL). Hence, the reaction botween S203 ion

and Fe(CN)z‘ should proceed by & dirsct interaction betwcen

ths reectants.,

Complexes of Cu (II), Co (IIL), 4u (III), Cr (IV)
and Fe (III) have been used for the oxidetion of thiosulfate
ion (27-35). Kinetics and other cvicenmes SuggesSted that in
all thess oxidation reactions, precursor metal-thiosulfato
complexes (where the metal has lost ome formal oxidation state,

anG thiosulfate has geined one) Were formed in an eguilibrium

gtep precceding the electron traeunsfer.

However, all attempts at éharacterizing any
intermediate complex betwoen the thiosulfate ion and hexecyano-
ferrate (IIL) by repsated and eontinuous scanming of the
reaction mixtures ( from 250 mz to 650 um), even with higher
initial concentrations of the reactants, were unsuccessiul.
There was no peak or shoulder other than those corresponding
to the reactants and the products. Whaen the experiment waes

ih

carricd out in the presence of CN™ , there wes nc labzlled

. . L s
cyanc~ligand in the Fe(CN)6 product, establishing the absencc

e
)

of any cyano exchenge. Bence, the formetion of an inlermedisz
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involving the tadsulfate ion and hexecycnoferrate (III), in
the prascont system, ssemed nighly manlikely. licreover, any
direct interaction between the thiosulfcte ion and hexacyano-
ferrate (III) to fornm en interuediate coaplex neceoscitates

a thiosulfato~ligend of very low Léwis besicity (107) to
substitute, or attach itself to, a cyano-ligoné in a non-
labile low-spin octahedral complex, Fe(CN)%— . In all

probability, this would inherently be forbidden.

In the present investigation, the recaction hetween
the thiosulfate iom and hexacyarnoferrate (III) was observed
to be depcondent on the first powers of the concentratiors
of the substrate and oxidant (Table &p). The rate of the
reaction was insensitive to variations in the ionic strength
and to added Fe(CN)g" ions. These experinental observations
rule out the possibility »f the reaction proceeding through

an interncdiate cormplex formation,

A

The addition of radical inhibitors such as
mennitol and acrylonitrile, had no effect on the observed
rate of the reesction, suggesting thet thz involvement of
free radicels in the rate deternining step of the reaction

was unlikely.

Since Fe(CN)é" required one electruon to be reduced
to Fe(CN)g" » the reection betwecn tae thiosulfate ion and

hexacyenoferrate (III) wculd occur by a one-ejuivalent
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electron transfer, giving rise to a singly cnarged anicn

( 5205 Y, thus

2 - slow - L.
S,05 + Fe(CN)Z ..._.1_9_9,5203 + P (CN) g aevnes (1)

This oune-electron change involving Fe(CN)z- and thiosulfate

{(8g.1) could take place only with a high activation enthalny,

2

becauss an unstable 8205 species Wwas foraed. The zﬁH# velue

-1

obtained wes 104+k EJ mol (Tebie

o
S’

The solvent isotope effect was measured by preparing
identically buffered reaction nmixtures in water end in S5% DQO°
The ratio of k. , / k observed Was 1.45, Ar estimation of
tne solvent isotopes ciffect on the reaction between ths
thiosulfete ion end hexacyanoferrate (IIL) was made eariier(39).
If the reactante were 8205" and 8205 , then on the basis of

e knowledge of the ApK valucs for the relevant acids im

going from.H20 to D0, the relevent activities

2
of ta2 various ions in thzse scolvents ( Hy0 and Dy0 ) could be
calculated. Thoorcotically, thic predicted a value of
ks o / Ky o = 1.50. This would support the formetion of the

2 2

820; species in the reate deternining step of the reaction

(Bg. 1).

In the present investigation, the dirsct reacliicn
between the thiosulfate ion and hexacyanoferrete (III) geve
. - Le | . . . .
rigse to Sy0 and Fe(CN)6 ions. The rapid dimerization of

SQOE would yield the product, tetrathionate iouns (Sqoz” )
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Indeed, the repid dimerigation of 8203 to yield sqoz“ was
postulated in several oxidation recctions involving the
thiosulfate ions (30,31).

2~ .
) ions, wes

The product, tetrathionate (5406
isolated and chavacterized ( vide 'Bxperincntal' : Product
enalysis).

The wechanisnm of oxidetion of thiosulfete ions by

hexacyanoferrete (III) car be represemted as follows:

9 -
8,057 + Fo(CN)2~ —SL¥ 5 g 205 + Pe(CN)6

2 5205 e 8406

(c) Oxidation of Dithionite

The structure of the dithionite ion wes confirmed
by crystallegraphic studies (82). The S-§ bond in dithionite
(2.389 2) was much longer them ths S~S5 bonds in disulfides
or polysulfides (2.0 4 to 2.15 £ ). This long bond in
dithionite (2.389 3 )} togethor with ths unusuvel shape of
the molecule with eclipsed'802 groups, was due to each
sulfur atom forning two pd hybrid orbitals, one of which wes
used to bond to the other atom. The weak bonding Was consistent
with the strong reducing properties and with the rapid exche
betwWween sgoi‘ and labeled *SOQ. The long sulfur-sulfur bond

would enable tae facile formation of SOE redicels,
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. ¥
5204 2 SO

which would then undergo further oxidaetion.

In the present investigetion, the rate of the reacti.n
was first order im doth, Fe(CN)é— end S2Oi_ { Teble & ). Tais

would suggest that the formuleted fission

2~ v
——
5,05 = -2 S0, | (1)

doss veally occur. The precsence of the 802“ radicel was saown

Z,
H
ot
{

“
e
3

<
g
[0)
¥
=
‘-!
=

by BESR spectroscopy as a singlc broad line
splitting comstant of 14.C gauss, and & velus of

8oy = 2.0060 + 0.000%k (vice 'iedical intoerms sdiates'). The 30,

radical Wwas saown to be a strongsr reducing agent than

-

2- C . . .
S2 4 (109), and wes comvincingly impliccted as the reductearnt

of verious biological neteriels (89-96).

It has been shown (vide 'Stoichiometry') taat eesch

2042 consuwed two moles of Fe(CN)g_. The redox

rotentials (98 ) for tie couples S,057 / so%‘ and

nole of S

- L .
Fe(CN)Z / Fe(CN)6 Were thernodynacmically fevourabls for
electron transier between dithionite end hexecyanoferrate(III),
in the overall regetion process.

The product, sulfite (802 ) ion, wes caaracterizod

3

(vide 'Product amalysis' ).

The mechanism of oxidation of dithionite ion by
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hexacyanoferrate (IIL) can be represented as follows:

[o v
—> 2 80,

S50y,
. S

2

e

3 * 2Fe(CN)g— + 5,0 .

2 S0, + 2Fe(CN)Z + & OH™—32 SO o

(@) Oxidetion of Thiocyanatsa

In the present investigation, the rate of tas
reaction was observaed to be dependent on the first powers of
the comcentrations of the substrate and oxident (Tabiz 5 ).

- Varietions in the ionic strength of the mediunm, &S 2150 changes
in the concentration of added Fe(CN)g— ions, did wnot heve any
cffect on the rate of the reaction. These data would suggest
an outer sphere electron transfer bprocess,

The presence °f the ion radicel, (SCN); , Was
observed, in accordance With carlier reports wherein tae

O
formation of the ion radiceal, (SCN)2 » had bsen established

(56973,74977997)0

The mechanism of the reaction canm be representesd

a

Fa(ON)Z7s 2 SONT ——3 Fe(an)E™ 4 (50N),

6]
*e

Fe(CN)Z™ + (SCN); ——p Fe(CN)E™ + (SOM),
Thioccyanogen, (SCN)Z, can decdnposSe in agueous
medium, thus:

3(SCN) g + & Hy0 D ON” + SO~ 4 5 SON™ + &H*.
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The oxidation of thiocyanate ion by hexacyano-
ferrate (III) produced thiocyanogen, (SCN)z. The redox
potentials (98) for the touples,2 SCN~ / (8CN), and
Fe(CN)g“ / Fe(CN)gj,were thernodynamically favourable for
electron transfer between thiocyanate and hexacyanoferrate(IIL).
An eexrlier investigation had esvablished that thiocyanogen

wes the product of thiocyenate oxidetion (58).

In the present investigation, the products formed
were the sulfate iomns and the cyenide ions, which have been
characterized (vide 'Bxperimental' : Product analysis). It
we.s pot surprising that soi‘ and CN_ were tne oxidation
products, since thiocyanogen, (SCN)2, was known to decompose

reedily in aquecus madium (11G6).
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CHAPTER 4

KINETICS OF OXIDATION OF SOME ORGANIC
SULFUR COMPOUNDS .

Aliphatic and arometic thiols have been oxidized
by a variety of reagents to disulfides and to higher
oxidetion products, depending on the specific reaction

conditions.

BLALIZR WORK

Aliphatic and aromatic taiols were converted to
disulfides in agueous or alcocholic peroxide scolutions in both,
acidic znd alkeline media (1,2). Higher molecular weigat
thiolé, in the form of their copper salts, were oxidizad by
peroxides (3). In the presence of aliphetic amines, peroxides
were used for the oxidation of thiols in hydrocarbon solvents{k).
The oxidetion of thiols by hydrogen peroxide, alkyl hydro-
peroxides end peroxy acids gave the disulfide (5). Nickel
peroxide has been found to be an efiicient reagent for the
oxidation of thiols (6).

Considerable attention has been focused on systemns
of biologicel interesé, end electrochemical technigques bhave
been used for the dquantitative analysis of thiol and disulfide

groups in orgenic compounds (7-16). The electrochenical
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oxidation of cysteine, as well as other thiols, scccurred by
a one-eclectron process giving cystime, which on further

oxicdation gave cysteic acid (17-20).

The oxidation of thicle by halogens yielded productc
which were dependent upon the halogen and the reaction meaiug.
In aguesous solvents, chklorine and bromine reacted with thials
to give sulfonyl halides or sulforic acids (21-23). Under
aphydrous conditions, chlorine and brooine react with thiols
to give disulfides (24%).

Sulfenyl. halides were susceptible- to nucleophilic

attack (2%, 23,.25), as for example

RSX + NuH ——————5} RS Nu + BX (1)

(MuvH = R, NH, HSCN, ROH, BSH).

2
zTxcess thiol reacted with these sulfenyl hélides to give the

disulfide, thus:

RSX + RSH ~—————>3 RSSR + HX (2).
Chloramine - T has been used for the oxidation of
thiols (26).

Thiols have been oxidized by dimethyl sulfoxide 1o
the corresponding disulfides in high yields (27-30). 4 corrcla-
tion was suggested between the ©X, and the activation energy{29).
Wihen an optically active thiol Wa; oxidized by an excess of

sulfoxide, optically actvive sulfoxides wWere recoverad (31).
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3

hicsulfonium ions have bzen suggested as intermediates'im
tae oxidation of thiels by di.iethyl sulfoxide (32).

The reaction of thiols with diethyl azodicarboxylatsa
gave the disulfides (33): These reactions were cetelyzed by
triphenylphosphinge ,and involved the intermediatce foruation
of radicals or radicel ioms (34).

Radical anion interriediates were detcected, by esr
spectroscopy, in the oxidation of thiols to disulficdes by
nitrobenzene end nitroscbenzene (35,36). The oxidetion of
thiols by iodosobenzene in refluxing dioxan, gave the disulfides
in good yields (37).

Ly 6+

Metal ions such as Ce ', 003+, V5+ and Cr ions
ir acid solution have been used for tas coxidation of thiole
to disulfides (38-%0), The prescnce of thiyl radieals has
becn confirmned in the oxidation of ssveral tniols (41). The
oxidaticn of thioglycolic acid, cysteine and glutathione by

+

Mo5 and Mo6+ tons, showed thce igportance cf the nature and

stebility of the complexzs botween metal ions and thiols(42).
7

¥n’* ions has been uscgd for the oxidaticn of pyrimidine
thiols (43). Leed *etrzacetate has beon used to convert

thiols to disulfides (&4-47).

Ths oxidatior of thiocls to disulfides by manganic
acetylacetonate did not reveal the presencce of taiyl redicalco{23).
Cupric coiplexes in non-polar nedia (48), iron cluster

ad for

9
(@]

complexes (50), and Co(II) complexes (51) have been

the oxidaticn of thiols to diculfides
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MBtal oxides ( Croj, Mnoz, F9203, 60203, Cuis ,
PbO2 ) have been used to oxidize thiols to disulfides, et
low temperatures in xylene or chloroform solution (47,52,53%).
When these reactioné Were performcd in the presonce of an
alkene, thce formetion of largc amounts of thiol addition
products suggested the imterniediate formetion of thiyl

redicels (47,52,53).

Thiols undergo facils oxidation wihen sxposed to air.
The oxidation of thiols catalyzed by strong basses (54) and
the gifect of solvent (55-57) on these oxidations has been
reporved. The amine-catalyzed oxidetion of thiols has been
investigated (58-59). The effect of the addition of heavy
netal ions to besic agueous soiutions of thiols (60-6k), aso
also the effect of ligands on the rates of oxidation of thiowl
heve been studied (64,65). It wes suggested that the metal-
catalyzed oxidation of thiols in alkaeline media was based
on an electron-transfer from the metal in its higher
oxidatvion state, to the thiocl, via an inner sphore process.
Outer sphere processes were suggested when strong complexing
agents preveanted the entry of the thiol into the coordinaticn
spiaere of the metal (66). For ecxemple, in the case of cyanide
complexes, it was assumed that the oxidation of thiols
occurred by an outer sSrhere process, involving the intermediacy

of thiyl radicals (66).
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In the absence of oxygeun, flevine derivetives
have been used to convart thiols to disulfidces67,68).

In basic melia, aydroguinone (69) znd p-phonylens—
diemine decrivatives (70,71) heve been used to catalyze the
thiols to disulfides has Bzen reportsd (72).

The rate of cooxidation of thiols (when an alkenz
or an acetylene was oxidized together with the thiol) was
dependent on hoth, the alkeng end the thiol, with the aromatic
derivatives reacting festor than the eliphaltic dolccules
(73-75) . The cooxidetion of thiols with 1,3-butediene was
studied in the prescnce of t-butylamine (76), wherein it woo
observed that the reaction pathway (1,2-addition versus
i,4-addition to the conjugeted dienes) was dependent on the

structure of the diene (76-78).

Thiols undergo a facile phstolytic reaction to
vield the disulfides (79). Tho primery photolytic process by
irrediation at 25h00 2 for metianethiols and ethanethiocls wag
the honolysis of the S-E bond to give thiyl radicels end &
hydrogen atorr (80). Tae taiyl radicals were detected by

flash photolysis (81), 28 alsc by uv and esr technigues(82-85).

Radical cation® reect with thiols to give disulrfidss,

with the intermecdiate formation of thiyl radicals (86).

The reactions of thiols with dinitrogen tetroxide!87;,
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A

seilerinic acil (88), salerite (89) erd tit: ayir..de
ion (90) asve ceon raoorted. Whe oxideti r of thiol oceidls

by potecsial paroxydiculiste (91), and by 2,6-dicaloroplrencl-

[

indophencl in ecstone-water mne.ia 2ave veen reportad {(92).

Iron (II1I) coxslexzs have %been used to oxilisze
taiols to Jisalfidss (83). It wes suggested taat toe Cisulfils
was foraed as a rasalt of the dinerizetior of thiyl radicels{49).
Potesociur hexecyanofarrets (III} ed Doen asad Tor tahs

videtror of ¥Bhiols to disalficdes, ir alizeline erd ecid
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PRESENT WORK

The present woriz ig o detailed %inetic investigetvion
of the oxidetion of some -rggnic sulfur compounds (thiomalic
acid, thioglycolic ecid ard thiophenol) by potassium hexe-
cyanoferraete (III), in acidic o23diur, at constant ionic
strength, under & nitrogen etosphere.

i or ]

Stoichiometry (vide 'Bxperiwmentel'):

(a) Thionelic acid

-, o~ — N \3"‘ - o 4_ O +
204.5.'1504 S:TI+2£‘G(C,LT)6 __";' (CL.\'.‘.LLISOZ&)Z 32+2FG(CI‘\I)6 + /d_.'I

(b) Thioglycolic acid

o+

F— ., L_F;-‘ —
2¢,4,0. ST + ZFe(CN)g ~— (C,H,0 +2Fe (CN) .+ 2

27370 o1505) 5 Sy

(c) Thiophenol

2Cg1gSH + 2Fe (CN) 6‘——-) (06_15)2 oF 2I‘e(CN)6 + oAt

Bffect of substrate and oxidant

Tre retes of the reections wers oboz2rva2d vo be

U

dependent or. the First powers of the concentrations of hoth,

substrete znd oxident ( Tebles 1-3 ).



Teghizs 1 @ Bffect of suonotrete and oxidant

/ Thioglycolic acid / /K,}Fe(CN}6 / 107 x LI
(10 x 1) (10" x 1) ( 571
1.0 i5.0 0.7
5.0 15,0 3.6
10.0 15.0 7.2
25.0 15.0 i8.2
5G.0 15.0 36.8
i6.0 2.5 7.2
10.0 7.5 73
10.0 10.0 7.2
/2C1/ = 0.1 M; (A= 0.05 M; bewp. 35°¢C.
Table 2: Bffect of subsirato and oxidant
/Thiomelic acid/ / K3Fe(CN)6 / 10* x X b
(160 x 1) (10° x i) (1)
75 1.0 14,1
10.0 1.0 19.2
25.0 1.0 56,0
75.0 1.0 ‘ i%0.0
160.0 1.0 192.0
10.0 0.75 15.0
i0.0 0.50 19.2
10.0 0.10 19.0

/ H5CL / = Q.1 M.;/A,= G.05 M; temp. 35°C
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Table 3. Bffect of substrate and oxidant

/Thiophenol/ / KgFe(CN)6 / 105x kobs

(103 x W) _ (103X 1) - S~1)
743 1.0 10.0
ig.0 1.0 13.7
25.0 1.0 k.0
50.0 1.0 69.0

100-9 1.0 135,0
10.0 0.75 i%.8
10.0 0.56 1%.5
10.0 0.10 13.8

/[ HCL / = 0.1 M; aq. methanol = 80% (v/v);

f2/= 5 x 10"4 M; temp. 35°C

that ths rate of oxidation was dependent orn the first power
of the concentrations of the cubstrates. This was further

secen by the comstant valuss of kg, the sscond ovrder rate

When a comnstant concantration of substrate(large

excess) was used, Robﬂ did not show any eppreciable variation
b

with changing concentrations of oxidant (10-fold ramgz),
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indicating a first order dependence of the roacticn on the

concentration of the oxidant.

Bffect of acid

The rate of the reection was observed tc ve
dependent on ths first power or thce concentraticn of acid,
in the case of thioglycolic acild and thiophernol (Tables 4-5),
but showed an inverse devendencs on the concentration of the

acid, in the case of thionclic acid {Teble 6 ).

Table 4., Bffect of acid

/ HCL / 10° x K, (s7)
(12) ( Thioglycclic acid)
0.025 1.8
0.05 3.7
0.10 7.2
0.25 18.0
G.5C 37.0
G+75 55.0
i.00 75 .0

/ Thioglycolic acid / = 0.10 ¥ / KgFe(CH)¢ / = 1.5%1070 M3
/A«= 0.05 M ; temp, 35°C.
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Table 5. Bffect of ecid

/ HC1 [/ 105 X.kobs ( g~1 ) at 55°¢
(M) { Thiophenol )
0.025 . 3.5
0.05 7.0
G.10 13.7
0.25 34,0
0.50 69.0
0.75 _ 103.0
1.00 140,0

/ Thiophenol / = 0.01 M; / K;Fe(CN)g / = 1 x 1072 u;
/AM= 5 x 10"4

M; temp. = 35°C ; eg.octhenol = 80%(v/v).
Table 6 : Bffect cf acid

/ EC1L / 10" x k__ ( s7)
() ( Phiomalic acid )
0.075 20.0
C.10 i9.2
0.25 1i2.8
0.50 8.8
1.00 5,0

Thiomalic ecid / = 0.01 M3 / K Fe(CW)y / = 1x3 0773

f’ib: 0»05 M3 temp. 35000
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LN invarse reletionsaip batweon the rate of the reection
and the concentretion of the aclld has bren obszyrved in
gerlier investigati.me such as tis oxidetion of guinol by
ferric ions (69), tie cobalt (III) oxideticns of formel-
deayde (100), tertiary alcohols (101), aromatic ald@hydes(i02),
benzene (103), hydrazoic acid (104-106), the kn (III) oxidation
of guinol (107), &nd in ths oxidation of cysteine and

zlated thiols hy hexzcyencferrate (III) iomns (108-10G).

In the preaszsnt imvestization, the inverse relationship
between the rete of the reaction and the concentration of the
acid, in the case of thiowmelic acid, can be explained if the
digsocietion step of the sulfaydryl group in the thiol
molecule were to he taken into comsideration. This, however,

prears unlikely, in the acidic madiun under corsideoretion.

o©

[

n fact, it is difficult to state with any certeinvy the
extent of involvemsnt of protons vis-a-vis Fe(CN)z“ and
Fe(CN)%’ ions. Ferricyanic acid is & sirong ecid, but
ferrocyanic acid is strong only for the flrpt tWo protons.
The protonation of Fe(CN)e“ would result in speciss such as
HFe(CN)%", while the protomation of Fe(CN?g' would give
species such as HFe(CN)Z" and HQFe(CN)%". These kinds of
protonate’ species have been ghown o e foroed in acidic

neiia (110).
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o

Nature of the oxidant specizs

Phe oxidetive nower of hexacyaroferrate (IIT)
depends very largely upon its state in solution. 4t lowar
acidities of HCL (0.01 ¥ to 0.10 M), the reactive oxidant
specics wes Fe(CN)z-. &t aciditiss higher then 0.1 If HCI,
there i8 the possibility of the protonation of Fe(CN)g"

to give HFe(CN)%_ as the reactive oxident species.

it lower ecidities of #CL (C.01 M to ¢.1C M), tas
absorption naxinun of hexacyanoferrate (III) did not show
any spectral shift frous 420 no, indicating thet Fe(CN)g" was
rot protonated, and hencs the rezctive oxidant specics was
WFG(CN)Z'.

At acidities higher tlhan .10 M ZCl, the absorption
mexir of hexacyanofsrrate (III) showed a spectral spift
from 420 nm to 435 nm, indicating that_Fe(CN)g" wes protonated
to give the reactive species as HFe(CN)%‘. The formation of
EFe(CN)%" was monitored when the absorption specirunm was
investigated by verying the wavelength setting, and noting
the absorbance about 3 secconds after the reaction had beszn
initiated. In this way, an absorbance neximum wes located

at 435 nm. & spectral shift from 420 no to 435 nm would

indicate the formetion of HFe(CN)%‘ : . Hence at
aciditiec higher than @.1 M HCLl, the reactive oxidant

spocies Was HFe(CN)z‘.
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Since the rate of the reesection showed a first
order dependzsnce on the concentration of the =zcid, the

-

tep of the reactiom would be trz protonation of

)
FJ
5
6]
cr
&)

Fe(CN)%‘ to give HFe(CN)%- as the reactive oxidant species,

3 + " 3"‘ K ” 2“"‘
2%+ Fe(CW)g" === HFe(ON)g  ....... (1)

Wwhere K was the first protondtion counstent of Fe(CN)Z“ ’
Wwao8e velue has been reported (110) to be less than 10.
Uuder the present experiizental conditions, the rate leaw
could be expressed as:

o a/Fe(em)y”

F ) oY, . N 2-

Rgte = o7 = Ko / Sunstrate/ /hre(CN)6 /
N & & 9 8 (2)

waere / HFe(CN)%" / = K/Fe(CN)z" [/ EY /] e (3)

Bffect of temperature

The rate of the reectiocn wes influenced by changes

in temperature (Tables 7-9).
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Teable 7 : Bffect of tempaoratursa

Torp.{ + 0.1°¢) ' Thioglycolic acid
5 o - -1
107 x Ty (s77 )
35.0 7.2
1‘»'!0.0 909
45.0 13-8
50.0 20.5
5540 29.7

iz
/ ®hioglycolic acid / = 0,10 K; / K3Fe(CN)6 / = 1.5 x 10 il
/ HCL / = 0.10 M;#L= 0.05 M

Tabls 8 : Bffect of toempereature

Temp. (£ 0.1°C) Thiomalic acid’
10 ¥ L s~y
25.0 i2.2
30.0 16.2
35'0 1902
4G,.0 27.2

/ Taiomalic scid / = 0,01 M; / K,Fe(CWg / = 1 % 10™71;
[ECL / = 0.10 ¥ f,L= 0.05 M.
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Pable § : Wifesct of fteaperature

J
Tem ( + O.ioC) Thiophenol
- 5 - _1
16”7 x k.o (877) }
3GC.0 10.6

5500 13,7

50.0 15.3
45.0 25.7
5C.0 5342

/ Thionherol /

o
[ ]
(on}
-
=
wve
\
o
W
=

JFe (CN) ¢ / 1x40 =D

/ HCL / = 0,10 14 aj.uethanol = 80%{v/v);

f&,= 5 x 10-

Plots of log kob@ egainst ths reciprocal of temperaturs vere
o

o <

linzar { Pigs. 1-3 ), suggesting thz velidity oi the Arrhenius

edunetion. The slones of the plois Were used to celculates the

ectivation energies of the reaciions ( vide '

|

BXperiacntal’:
Celculetions). The other activation paraietors were

caleuleted and have been shown in Tebls 1

O
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Substrata:

v —— e 3

THIOMALIC
ACIU
0.4 4
3+ log kgpdf 05
=1
(s77)
0,2 4
3
0.0 — -+
3.0 3.2 3,4
3
10°/7 ———
Fig. 1

Plot of 1log kobs against the

recciprocal of tcemperaturc

(Substrate :  THIOMALIC ACID)
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Substrate
1.4 ¢ THIDGLYGCOLIE
AGID
5 + log ﬁcbs
(s7')
1.1 1
0.8
3.0 3.2 3.4
103/T
—

Fig. 2 Plot of log k against the

obs

reciprocal of tempsrature

(Substrate: THIOGLYCOLIC ACID)
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Substrato: HIOPHENDL

ocoos _par. e

3.0 3.2 3.4
3
10
/T
Fig. 3 ., Plot of log kobs against the

rociprocal of temporaturc
(Substratc : THIOPHENGL)
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Tabhle 10 @ Lctivetion Paraneters

Thioneliic Phioglycolic Thiophendl
Parameter acid acid
B (g :w.o:a;"i) 4042 5343 k3
& (s_i) 1x10" 9xioq byl
FAY:S %(EgJ _mol’i) 3742 50+3 k143
ZASQ%JK"i mol“i) -17645 ~160+5 ~185+5

The activaticn verelsters are juite fevourelle Loy

x|

electron traensfer proczsses. ILf the d orvitals of i

¢
@

sulfuvr aton are involved in the bonding to the oxident
during the course 2% the reaction, then the tramsition stats
produced wiil be guite stable. An incrsese im the bond
strength sccounts for the lerge 5SS$:va1ue obtairad. Valuss
of gﬁsq& in this renge ifor radical reactions heve been

escribed (111) to the nature of the electron-pairing and

electron-unpairing procasgscezs, and to the loss af degress o

[0
[a)

freedom, formerly aveilabls to the reactants, on t

froe)

{

o
formetion of 2 rigid vransition state. Simple elsciron
transfer reactions leeding to the formetion of fres radicals,
ant subseguent dinmerizetion of frse radicals to give rise
to the product, generally exhibit moderately large negetivs

veluszs fur the

[0

ntropy of activation (112).
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Effect of solvent

Incressing proportions of methensl resultad in an

#is]

increase imk the rate of tlz reaction, in the cese of thiophanel

(Teble 11).

Teble 11 : Iffect ¥ solvent

MGO£-320 Zielectrice 105ax kobg
(o, v/v) Conctont {D) ( s‘i)
65-35 £8.8 8.6
70-30 464k 9.6
75-25 bk ,Q 10.7
80 =20 Li,.6 13.7
85-15 30.2 17.0

2

/ Thiophenol / = 1 x 10~ M; / KSFe(CN)é / = ixiO-BM;

/ ACL / = 0.1 1; {4~ 5x107* 1 temp. = 35°C.

This was due to the lowering of the dielectric
comnstent of the medium, which would fevour a lecs polar

transition stete ccomparaed to more poler resactants.

& plot of log Robs egainst the reciprocal of tha
dielectric comnstant (D) wes linear (Fig.4), indiceting thet

the reaction wes of the ion-dipcle type (113).
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1.2+
Substrate THIOPHENOL
5+logk?bq
(s=")
1.04
0,8 bomw e - +
0.019 0.022 0.025
1/D
/ ——

Fig. 4 . Plot of log kobs against the reciprocal

of the diclectric constant
(Substrate :  THIQPHENDL)
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The effect of e chenge in the solvent composition

fat

on recction retes would 2lco <epond on fectors such as the
solvating power of the soélvent (1i4), sclute-solvent

intaractions (1i5-116), end solvent structure.

k)

3
Q
5

Solvent effects on the rates of oxidatior
tiniols has received comsiderabls attantion, whersin ths rate
increased guite steadily on pesning from alcoholic to
non-provic and to dipolar aprotic solvents (55-57).

4 correlation of the rate of ousidetior with the pKa of the
alcohol was infsrred (55). Largs variastions in rates ware
observed, on changing the ceation, suggesting tnat ion-palring

phenonena were involved(55).

Bffect of icnic strength

Veriations in the ionic strength of the mediun
using ¥KC1 (fL= 0.0 M to /i.= 0.10 1 for thiomalic acid
and thioglycolic acia;fx,= 5 x 1074 to 5x20™° M for
thiophenol), did not have any effect om the rates of the

raections.

Bffect of added KQFe(CN)6

The addition of X,Fe(CN), in the concentretion

L

range of 1.0 x 10™° I to 1.0 % 107K (for thiomalic acid

. . , . ~4
thiophenol ), and in the comncentration range of 2.5 x 10 M
tc 2.5 x 167°M (for thioglycolic acid), did not rave any

erfect on the rates of the reactions.,
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Eifect of sddition of product

The eddition of the nroduect ( the respective
sulfides; in each ceaSe) in the concentretion range of
1 x iouué ta 1 x 10 jM, did nct have arny efZiect on the rates

of the reaetions.

Bffect of zddition of salts

The &ddition of salts ocuch es Hall, KNOB, Nagso

o

and MQSOQ ( concentration renge C,001 ¥ tc C.01 M) did not

ect onm the rates of the reaections,

Zadical intermediates

In thza present investigation, the reactions
betwean all the suhstretes (thioglyecolic acid, thiocmelic
acid and thiophenol ) =znd Hexacyanoferrate(lll) geve redicol
intzrmediates, walclk wWas8 evidenced by the auility of these

systems to initiate the polymerization of olefins (117

The ESR spectre {(E-%, Varian) of the redicels

"{)

genepated in a flow systzm, duwring the oxidations of eech o
the substrates witih hexacyanoférrate (III), were obitainszd
{vide 'Bxperimental').

The oxidetiorn of tiriomalic acid gave a radical
internedicte which showsd & 1:2:1 ftriplet signel, indiceting

tihe presence of tae thiyl redicel,
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Ir. the pressyt investigaeticon, the thiyl redicals

havs baen Getected end clierectarized by BSR spectroscopy.

lleczerisnm

ovaerved to be very fast (138). It has been observed that
nercapto redicals generated by £lasz photolysic in agueous

gsolutiong give rise to a radicel ion, poceibly by inltereaction

g

With an ionized thiol molecule (139), thet is
25, + RS —— asir (1)

A S
Similar radiczl anions have bzen obsarvad (138)

©

28 trensient species in thoe reections of various disuliidsn

with bydrated electrons;

e

RSSR + & == RSSR (2)

which eventually decey to give taiyl radicels ard mercaptide

ions,

RSS2 ==1’S. + 2§ (3)

4 related observetion wes reportsd (i4%0), wharain
a onre-electron rsduction of naphthalene-l,B8-disulfide wes
postulated, countrery to the mors usual two-slectron raduction
of disulfides (8,10,20,141,142), and zlso thet the vradical

- e

enion generated from the disul

o2

ide with sodiwvin in 1,2~
dimethoxyethane has been cierccterizel by BSA speciroscony

(120).
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(o

Pogoible mechawmisns for thiol radiolysis in tls presence
of oxygen have baen postulated involving the internediacy

of thiyl radicals { 132,1%3 ). The reaction

RS. + RSSR/'—-ﬁ> 2552 + R!S.jwas inhibited by
oxygeén, the comclusion being tlat oxygen rsactc with the
thiyl radical (134).

ESR messurements of radicals produced by the
irradiation of cysteine at room teuperature have sioWn

that the first step of the reaction involved proton treansisr

L

from the radical ion to a reighbouring gromp)with the forueticn

of the thiyl radical (135). It was suggested thet the disulfic

Wweas formed af a result of the dimerisaticun of thiyl redicals.

*

Thiyl radicals hzve besen ovserved as itne predominant

;~
]

species in tae irradiation of alkyl mercaptens (136).
Studies of peptidzs end proteims containing
sulfirydryl and disulficde grours haeve siown that irradiation

.

atv 77 ¥ leeds to non-sulfur radicels. On warming, i

t
[0)

re
occurs migr%tion of spins to sulfur, and statle radicals
at nigher temperatures were observed to be tihs thiyl radicals
(118,122,137) .

Thlyl redicals n2eve bezn detectzd and charsacterized
in tne oxidation of tniols*to disglfides, using a variety

of oxidizing agenks (34,38-ki, 47-53).
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The oxidetior. of thioglycslic zoid zeve a radical
intaerrediete wiichx showed a2 1:2:1 triplst signal, indicztin
the mresence of the thiyl radicali

The oxideticn of thiophenol gave & radieel
irtsrmedists which showed a 11211 triplet signal, indiceting
ths presence of the thiophenyl rediezl (C6HSS')’ which had

& value of g _ ¥ 2,027 & 0:00C2.

The triplet Bpectrun attributed to AS. radicels

]
o

was e Well-cleracterimad fzature of many of the spect:

-

obsaoxrved in .onosulfidep ard disulfides (118-12¢). Thi

]

)]

surfur pattern' wss alse found in the 3pecire 0f various
thioie and im €oapoundB containing S-S bonds., 4 notevle
fezture of any studiss of sulfur compounds was the
occcurrence of Strilting changes in the structure and Size
of the aboorption pesks =8 the samples wer: warned 1o room

terperature and above {(321-12%). These erfects were gucved

as

0]

vidence £or energy migreticn in the initizl selective
fission process)follQWéd by secondexyy reactiOns)probably

of positive vacaneie® and negative ions 28 well &8 neuiral

Oxidetion® producing radical interasdiates ere well
Znowr in sulfur systans. Ple greater stability of these

uifur-conteining vedicals hes bheen denonstreatasd by the

v

experimental observation thet ¢Lmercaptcacids yisld disuifide



as the reaction products. §mole of orgenic substrats reecis
with 1zmle of ovidant, indicating tre formatior of tns
disulfide. Suck resction nroducts lave been idsntifisd
previously, the oxidetion c¢f dithiobiwuret by ceric ion
giving & cycliq cation &8 2 reooult of sulfur - sulfur bond
formation (124-125),

The pr2sence of thiyl radicals has been shown in

eerlier investigetions, Pulse rediolysis studies showsd the

o

le)
=

('?*

presence off & tramsient species Waen thiols Were irradic
at a pH when scig ionization of the thiol group had occurrad {126).

These species were foransd by the reaction of the thiyl redicel

with the toiolete iom in an eguilibriun recction such ag

RS. + RS™ T————" RS&R .

In the case of cysteémine, the sscond order rate constent
decreesed with en increztSe in thiol concentration and pH,
inplying that the rate of disappearznce was controlled by
the dioerizetion of Free thiyl radicals (126). Similer

results were obtained for cysteine (127), nercaptoethenol

(128-129), varions alkyl nercapiane (128), hydrogen sulfidzs(13%C)
and pemicillamine (131).
It 228 besn shown that oxygen reacts with the thiyl

radical according to the reaction

RS. + 0

0 S RS00. .
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-

It could be suggested that disulfide weg formed
within the coordimation sther: of the metel or in a ster

hiyl radicel, As in the

L&y
t
w
f}'

concerted with the release oX
cese oFf cyanide complexes, it cemn be egsunsd that ths
oxidation of taiols occurrad Ty en oubsr Sphers TrocesSs

J
hence thiyl radicels were forrasd waich would undergo rapid

(D

dinerization to yizld ths disulfide.
It wes suggested thet the negal cetalyzed oxidation
of thiols was besed on an slectron trentfer from the metel
in itc nigher oxidation state to the thiol wie an irrer
e thiol could coordirate to the

v

processes were suggested when strong
conplexing agents preventad sntry of the thiol into the
coordination srhere of the mztal {(66).

The prinsery photolytlc process hy toe 1 rradiation

of thiols 2% 2500 2 wes tiae homolysis of the S5-I hond to

give thiyl radicals and H aton (79). The principal

products of the reaction Wwore oleculer hydrogen and
Gisulfide

4

JRSH J:\'—’l?—'} RS » + .

ROE 4+ He ——> RS, + X
RS, ——2 RSSR
Thug, in ths oxidetion of thiols, the mein path

seens to ke the

[

rwomolytic fisgicn of tha S5-A bond)laajizg
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formetion of thiyl redicels, which then undergo

(S
O
d—
5
[0
)

repic dimerizetion to give tha zroauet, disulfids.

(2) Oxidetion of thioumeglic acil

Phionelic acid 18 a wealX tribesic acil wWios2
values have bzen vaoported (i43) ac follovs
K, (C80Z) = 3.i; pK, (CBO) = ~.0k; erl =Kog (5z) = i6.45.
The exterrel eldivicn I the end products, hexe-
cyanofarrats (II) end dithiodimeclic acid ( tre disalfids),

t2

w

bl

Cid wot aeve any cifect on the roia o reactior, indicating

trat viece end products Were not iiwolvad in any revsersis

n

clectron trergfer sten. LIt can b2 essgunad that the thiol
exictc megtly ik the ionized for.: in evuedous nediwi. Owing
to the ecidic asdiun eaployed in the present gtuly, this would

preclude the iomizetion 0X tluie week sulfaydryl group. Sisce

dzoignated as HSa™ , then tle proposed mechanism can be

Written &8

(CN)%" + ISR

28T + .52
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which gives

d/Fe(CN)Z /

g 3~7 ‘ 0 /7
= = K, ﬁe(cmsj/ [Rs..ﬂ/ )

{

-

[
[}
=y
[»}
o
jo3
N
T
F.l
(9]
{91
Q
b
<
)
[0}
kg
[0
=
)
=
H
(@]
]
s}
<
]
©
O]

upcortad

T’
<
™
o

poly.crizetisn of acrylonitrile (217), end by BESR

specbroscopy Wihzsreifd the thiyd

[—l
s
]:_]
=y
©
o
H
o

al appeared ss & 112t

triplet ( vide 'Zadicel Intsrmediates').

)

3
5
®
¥ o
o)
A
o
Q
<&
{_\_)
3
0
N
o)
=
]
I
ct+
o

(II) produced durirg th

cource of the reaction is sihown es the crotonatzd snecies,

dFe(CH)2™ , in egresment with sarlier investigetisns
2

The product -Ff the oridetion of thiouzalic acid
by hexecyanofervets (III) in cecid wmadiun, wes the disulfids,
dithiodimelic acid. This Troduct nes beer icoleted and
herecterized by spectral methods ( vide 'Bxperinentel’:

Product Analysis),

(b) Oxidetion of tiaioglycolic acid

-

Mhe Ffirst and

econd aissociction consterts for

[}

1

g i T 5 (4 -2 .
thiogliyeolic acid havs bacn regorted (145) as 2.1 x 40 and
+ o0 . . -
at 257C, rasyeciively. Ir acid mediuvn, iornimed

cpacies would be preseunt, according to the sguilibiriums
K1 14

HSCA G004  ———> HSCH C00™ =23 “S0H,CO00™ .
2 == 2 m—— 2
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Since tae finel product of ths oxicdetion of
thioglycolie acid by acidic hezscvanofsrrate (IT1I) wes the
Pl

disulfide ( dithiodiglycolic ecid), the sulfhydryl group

SH ) must provide the rzaction site. In the sechanisy,

1

the species,"SCHZCOO"' , has Dzen considered to be the

sactive specizs, For counverience,if Thic reccvivz Speciss,

3]

2chaenicga cen De Writtem ag:s

o % ¥ — I
as® + Fe(am}” 2LOLRET 4 Fo(ai) ]

— ’ - & ‘—
B5. + Fe(QN)é _EfEEé,RS 4+ + Fe(CN)Z

82— fagt‘>RSSRz"

Ea

RS;&—_-&-R

The formation cf the free radical was evidanced

s

by the ebility of +the oystem to initiate the polylerize.
of acrylonitrile (117), and by BSR spectrosScopy wWaersinm the
thiyl redicel appeered o8 & 1:12:1 triplet {vids 'Redical

Intzroedistss '),

RS+ , nes bzen suggested in an earliexr investigation (148),
The eddition ¥ the prolumets of the oxidation

raection, hexecyanoferrate {(II) and dithiodiglycolic ccid

=]

(the disulyide), dil not have zny effsct on the rate of tie

&)

rezctior, indiceting tiat these end products Ware noi

involved in any reversible electron trensfer ste

s]



It is also possible that the hydrogsn ion may

(<£

combine with the haxacyenofervete (II) ion to form ferrocyenic

acid, BFe(CN)é—, according ©o tae eguilibriunm.

+ - K' o\ 3=
H' + Fe(CN) 6 ':-T,:-'*__;___-l HFe (CN)'% .
The eguilibriwn constent, X' , has bszn roepor

5.4C x 1077

b=

(147) to have & valuwe © .
The product of the oxidation cof thicglycolic aciil
by acidic hexacyanoferrate (II1), wes the disuilile,

dithiodiglycolic zcid. Wais product hes bozn isolatzd cid

3

cherecterized ( vide 'Bxperimentel' : Product Arelysis).

(c) Oxidetion of Thiophenol

o~

The rate of the oxidation of thicpherol by ecidic
hexacyenoferrete (III) was observad to bo Cependent on the

first powers of the concentrations ol =zech Speclss -

to give the reactive oxident opecies, ZFe( N)6_ . A spectra

. [»)]
. . . - P Pt
s0ift fren 420 nn to 435 indiceted the presence of iFe(CN)6

Increesing proportions of methanol resulted in an
irnersese inm the rate of the rezction {Teble 1i)., &£ plot of
log & . ogeinst ths reciprocal of tiz dielectric cornstent (D

I~

wags linear, suggscting en ilon-dipole interaction,

1
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The addition of salts sucia as NaCl, XNO Na2804

3’
and Mgsoq, did not have any effect on the rete cof the reactiorn.
This would suggest that the reaction was between an ion and
a2 neutral ( but dipolar ) molecule.

The external addition of the end products,
hexacyanoferrate (I1) and diphenyl disulfide, did not have
any effect on the rate of the reaction, suggesting that these
end products were not iknvolved in any roversible electron
transfor step.

The solvent isotowe cffect was measured by preparing
identically buffered reaction aixtures in water and in
95% D2O. The ratio ofklbI o / kb 0 observed was 2.25. An

=2 2
estimation of the solvent isotope effect on the reaction
between thiophenol and hexacyvanoferrcte{(IIL) kes not heen
made earliesr. It hes baen suggested previocusly that the
large fractionation factor of 2.32 for the distribution_of
déuterium between ethenethiol and water favouring the S-H
and O0-H bonds (148), and the solvent deuterium isotope
gffect of KH 0 / RD o= 2,27 for hemithiocacetal formation,
2 2

in which an S-H was converted to an O-H bond (149), may be
accounted for most satisfactorily if bending as well ac
streteiing ( and perhaps oth er freguencies) Were to be
taken into account (150). Ir the present investigatianm, if
the reactants were CSH5SH and CGHSS" then on the besic of

e. knowledge of the Apk values for the relevant acids in
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going fron H20 to D T20 thae activities of the various ions

in tacse solvents (Z,0 end Dy0) could be calculeted.

Theoreticelly, this predicted a value of k; 4 / k&
ﬂg D,0

Thig would support the foraaticn of the CGHGS‘ specigcs im the

= 2.20‘

rate deteraining step of the reaction.

It has beon suggested thet since the disgoclation
of the lowest triplet excited stotes of thiophencl was not
ible, tne breakdown occurrod froa the lowest cxcitad
singlet state following cher e noutralizotion of the parcny
ion, withh S-H cleavage bein. t.z only izportent proccss (151).

In the amalogous case of etiicneviiol, o sinilar S-F cleavege

en aprreciable yizld of hywrogen, indicating taz dominating
role that the sulfhydryl (-SH) grouy oxerts whom it is
sresent in & molecule, thc sigriiicent process being that
of hylrogen ebStraction froa sulfur, resulting in the

formation of the thiophonyl radiecel ( 06358.).

o

In vho present investizetion, the oxidation of
thiophenol by ecidic hexacyanoferrate (III1) gave a ralical
internsdiate, CGHSS" whici showasd a 1:2:1 triplet signel in

the @SR spectrume. This thiopkcenyl racdical hed a veluc of

B,y = 2.027£0.002.

ad reported tae oxidetion

Ly

Berlier investigetions

¢f thiophenocl to diphenyl disullide by cyclic volvanuciry



in DMF solvent (20), DiSO end YiiS0(29), diethyl azodicarboxylate
in the derk at rcom tempersturs (33), iodosobenzene in refluxing
dioxen (37), trimethyl sulfoxonium iodide at 1006°C in DMF
solvent (153), molecular oxygen catalyzed by strong baseg(bi ),
molecular oxygen catalyzed by =mines (57), tetramethyl-
guanidine which act® both o8 & base and a8 & dipolaf solvent
(59}, addition of heavy metal salts (62,63), the 2-(2-naphthyl-
mercepto)-i-indanyl hydreo-peroxide complex with triethylens-
diamine (154), and by molecular oxygen catalyzed by anthre-
guinons-i-sulfenic acid, t-butyl hydroperoxidé and phenyl
‘benzenethiolsulfinate (155).

In the present investigation, the oxidetion of
thiophenol by scidic hexacyanoferrate (ITII) yielded the
disulfidé {(diphenyl disulfide) as the product. This product
was isolated and chearacterized by spectral methods ( vide
'BExperinental': Product Analysis). The mechanisn can be

reprecented as follows:

i Sl Fe(CN)6 i Jre(CN)6
CsSE + HRo(CN)g  — CJigS. + Fe(CN) ™ + 2*

X 7 GG




[N
=

REFERENCES

4.M. Clifford, Chem. 4bS., 30 , 126&(1936).

4.3, Gracia, Chem. Abs., 30 , 1264 (1936).

H.d. Schulze and W.W. Crouch, Chem., 4b5.,

41, 3289, 3290 (1947).

h.de Oswald, F. Noel and 4L.J. Stepheunson,

J. Org. Chem., 26 , 3969 (1961).

D.5. Tarbell, "Orgamnic Sulfur Compounds", Vol.l
(8d. N. Kharasch), Pergamcn Press, MNew York (%961),
Chp. 10, pp. §7-102.

XK. Nakagewa, S, Shiba, M. Horikewa, X. Sato,

e Nakamura, N. Harada and ¥, Harade, Synth.
Comm., 10 , 305 {1980).

T.i. Kolthoff entd J.J. Lingane, "Polercgraphy",
Vol.2, Interscienge, MNoew Vork(1952), p. 779.

W. Stricks and I.M.Xolthofi, J. Amer. Chem. S0C.,
7k, 4646 (1952).

D.L. Leussing end I.M. Kolthoff, J. Biectrochen.
Soc., 1006, 33% (1953).

We Stricks, J.K., Frischmann and 2.5, Mueller,

J. Blectrochem. Soc., 109, 518(1962).

X. Hofmann and R. Hapm, Z. &nal. Chem., 234, 4199 (3967).



i12.

13-

14,

15.

ie6.
17.

i8.

ig.

20.

21,

22.

C. 4mbrosino, L. Vancheri, P.M. Lausarct and G. Papa,
Ric. Sci., 39, 924 (1969).

S. Wewzonek, "Technigues of Cheuistry”, Vol.L, Pt.IIA.
(Bds. 4. VWoissbexrger and 3.W. Rossiter), Wiley,

New York (1971), ».5C.

Z.8. Humparey, C.L. Oleson, G.M, latule and 4.C. Vaught,
Microchem. J., 16, 429 (1971).

A.P, Kreshkov and L.B. Oganesyan, 2ha, Anel. Xhin,.,

26, 614 (1971).

L.C. Gruen end B.S5. Harrep, Anal. Biochem., 42, 377{(i971" .,
I.M. Kolthoff end C. Barnum, J. dmer. Chem. Soc., 62,
3061 (1940).

D.G. Davies and B, Bianco, J. Electroanal. Chen.,

12, 254 (1966).. .-

5. Pradac and J. Xoryte, J. Blectroanal. Chen.,

17, 167, 177, 185 (1968).

F. Magno, G. Bontempelli and G. Pilloni, J. Blectroznal.
Chem., 30, 375 (1971).

I.8. Douglass, "Organic¢ Sulfur Compouids", Vol.l

(Ea.N. Kharagch), Perganon Press, New York (1961),

Chp. 30.

C.3&, Russ and I.B, Douglass, "Sulfur in Orgeanic and
Inorganic Chemistry", Vol.i.(Bd. A. Senning),

Dokker, New York (1971), Chp. 8. '



23,

24,

25.

26.

27.

28,

29.

3G.

31.

32,
33

2006

P.S., #Mzgee, "Sulfur iz Orgeric ané Inorganic Chemisiry",
Vol.l (2d. 4. Senning), Dekker, Now York (1971),Chp.9.
S.Re Sandler end W. Xaro, "Orgeaic Puncticrel Groug

-
A%

Preparetions, Vol.12-I1I1, lcadewic Press, llow York
(1872), Chp. 4.

M. Zharasch, "Organic Sulfur Cormpounds®™, Vol.i

(8d. N, Kaarasch), Pergencn Press, New Yorkz {1961),
Chp. 32. |

S. Vivekxandern and S.P. Shanmugenatihan, Ind. J. Chenm.,
154, 428(1977) -

C.N. Yiannios and J.V. Xerevinos, J. Orz.Chem., gg,
5246 (1963) .

T.J. Wallace, Chem. Ind., 501 (1964); J. Aner .Chem.
Soc., 86, 2018 (1964%)

?.J. Wallacz end J.J. fahcnm, J.dzer. Chsu. Soc., 86,
4099 (196%); J. Org. Casm., 30, 1502 (1965).

TuJ. Wallace and H.h. 2is., Chom, Ind., 1558 (4966),
X. Balenovic end N. Bregant, Chz.a. Iné,, 1577(19564).
R. Tanikaga, X. Tenake and A. Xaji, Cnem. Comm., 65{1978).
F. Yonada, X, Suzuki and ¥. llitta, J. Amer. Chem. Soc.,
88, 2328 (1966); J. Org. Chemn., 32, 727 (1967).

K. Kato end 0. Mitounchu, J. Org. Caeti., 35, 4227(1970).
T.Je. YHallaca, J.lb. Miller, Z. Probuner arnd 4. Scarizchein,
Proe. Roy. Soc., 38k (1962).

F.J. Smentowski, J. Luer. Chex. Soc., 85,3036 (1963).



57 «

38,

39.

4o,

21,

42,

473,

bl

'F
riexs

297

T. Tekaya, Z. Enyo and B. Imoto, Bull. Cheri. Soc.
Japar., 41, 1032 (1968).

J. Bill and 4. Mc Anley, J. Chen, Soc. (4), 156,2405
(1968),

W.F. Pickering and 4. Mc duloy, J. Chasgm. Soc. (&),

1173 (1968).

K. X. Sengupta, 5, Sengupte and P.XK. Sen, Ind. J, Chen,,

154, 10682 (1977).

[

W. Wolf, J.C. Hertesz and W.C. Lendgraf, J. Mag.
Res., 1, 618 (1969).

JQF.vMartin and J.T. Spgnce, J. Phys. Chom., 7k,
2863, 3589 (1970C).

F. Freeman, D.L. Bond, S. Clgrnon, FP.A. Davidson and
.M. Karchefski, Imt. J. Chem. Kinet., 10, 911(1978).
%.J. Bourne, W.M. Corbett, li. Stacey and R. Stephens,
Chen. Ind., 106 {195%),

L. Field and J.B. Lewson, J. Amer. Chgm. Soc., 80,
838 (1958).

L., Ficld, C.3. Hoelzel and J.M. Locke, J. dmer. Chen.,
Soc., 8%, 847(1962)

To Mukaivama and T. Irdo, Bull. Chen. Scc. Japan,

40, 2388 (19567).

Y. MNakeaya, H. 4rebori znd M. Insto, Bull, Chom. Soc.
k%, 1888 (197G).

T.J. Wallace, J. Org. Chem., 31, 3071 (1966).



50
51,

52.

55.

T
(@)
-

57

58.

59.

60.

61'

62.

Do
o |
oo

?. Negeno, X. Yoshikeaws and N. Hirobe, Tett., 297(1930)
WM, Browver, P, Piect and L.L. Gernern, J. 110l. Catal.,
22, 22, 297(198%).

E.P. Papadopulos, &L. Jarrer and C,H. Issidorides, J.0rg.
Chone, 34, 615 (1966).

T.J. Wallace, J. Org. Chem., 31, 1217 (1956).

€. Cullis, J.P. Hopton and D.L. Trimn, J. 4ppl.

Cher., 18,330 (1968).

T.J. Wallace and A. Schrieshein, J. Org. Chem., 27,

1514 (1962); Tetronedron, 21, 2271 (1965).

Ted. Wallace, A. Shrieshein and W. Bartok, J. Org.

Chem., 28, 1211 (1963).

AJA. Ogwald end T.J. Wallace, "Orgenic Sulfur Conpounds "
Vol. 2 (Bd. W. Xherasch), Perganon Press, New York{i865),
Chp. 8.

bedie Cswalc, F. Moel and L.J. Stephenson, 5. Org.Chem.,
26, 3969 (1961)

T.J. Wallece, N. Jacchcon =nd L. Scarieshein,

Nature, 201, 609 (196%4).

T.J. Wallace, A, Scariesacin end H.B. Jonassen, Cham.
Ind., 734 (i964).

Teds Wallace, A. Schriasshein, H. Hurwitz and M.3. Glaser,
Incd. Bng. Chem., 3, 237 (1964%).

C.F. Cullis,; J.B. Fopton, C.J. Swar end D,L. Trimm,

J. 4ppl. Chem., 48,335 (19468).



63.
64,
65 .

66,

67.
68,

69,
70.

71.

72.

73,

7}{;

75.
76.

77

209

J.D. Hopton, C.J. Swan and D.L. Triom, Adv.Chen, Ser.,
75, 216(1968)

C.J. Swan eni D.L, Triiuy, J. &ppl. Chen., 18, 3%0(1968)
C.J. Swan and D.L. Triua, idv. Chem. Ser., 76, 182(1968)
C.F. Cullis znd D.L. Trimm, Disc. Faraday Soc., 46,

iiL (1968).

¥.J. Gibian and D.V. Winkelnman, Tet. Lett., 3901(1969).
B.L. Loechler end T.C., Hollooker, J. Azer. Chen. 50¢C.,
162, 7312, 7322, 7328 (1980).

G.H. Meguerien, J. 4umer. Chem. Soc., 77, 5018 (1955).
R.H. Rosenwald, Potrol Processing, 5, 969(i651); 1i,

91 (1956).

L.M. Rampino and M.J. Gorham, Petrol Processing, 10,
1146 (1955).

1.5, Dance, R.C. Conrad and J.8. Clins, Chen. Coml.,

13 (1974).

eS8, Xnerasch, W. Nudesnberg and &G.d, Mentell, J.Org.
Chem.,16, 524 (1951).

J.F. ford, R.C, Pitketaly end V.0. Young, Tetrahedron,
&, 325 (1958).

bob. Oswald, J.Org. Chem., 2k, %43 (1959) 26, 842 (i961).
Aodo Oowald, K. Griesbaum ond 3,3, Hudson, Jdr., J.0rg.
Chen., 23, 2351, 2355 (1963).

Aedie Oowald, B.Z, duioon, Jr., G. dodgers cnd F. Noel,

J. Org. Chem., 27, 2439 (1962).



81@

82 .
83,
o4,

85.

86'.

Wedo Thaler, A.A., Osweld and B.B, Hudson,; Jr.,
J. Aoex. Chem. Soc., 87, 311 (1965).

W.B. Haines, G,L. Codk and J.S. Ball, J.Llsr.
Chei. Soc., 78, 5213 (1956).

R.P. Steer and 4.R. Xnight, J. Phys. Chem., 72,
2145 (1968); Can. J. Chem., 27, 1335 (1969).

G. Gaspari and G. Granzow, J. Phys. Chem., 7k,
836 (1970). |

X.J. Rosengen, Acte Chem. Scand., 16, 1418 (1962).
P. Goldberg, J. Thys. Chem., %0, 427 (196%).

Deil, Volmen, J. Wolstonhoclme and S,G. Haodley,

J. Phys. Chem., 71, 1798 (1967).

P.S5.4. Bolman, I. Safarik, 3.4L. Stiles; W.J.R.
Tyerman and O0,P. Strausz, Cn. J. Chem., 48, 3872(197C).
B.C, Gilbert and R.R. lerriott, J. Chem., Soc.
Perkin IL, 4191 (1980).

Y.d. Xin, X, Shinhana, D, Fukushine and 3. Owce,
Tet. Lett., 1241 (1978).

Jelie Kice and T.3.W. Lee, J. dLmer. Cheil, 50cC.,

=

- 160, 5094 (1978).

89.

90.

S.Lee and S. Pen, J. Aner. Chom. Soc., 102,
ELu8 (1980) .
P.H. Wine, R.J. Thompson and D.H. Szmmes, Int. J.

Chem. Einet., 16,162%(198%).



261

1. €., Srinivesen and X. Pitchamani, Ind. J. Ched.,
174, 162 (1979).

02. If. Rastogi, X.X, iore ond 3.P, Sinha, Ind. J. Chen,
2Ch, 726 (1981).

93. B.S. Thyngarajan, Chon. Rovs., 58, 439 (1858).

94, Jede. Bohning end X, Weiss, &. Aner. Chcem. Soc.,
82, 4724 (1960).

65. I.lia Xolthoff, T.J. Hechen, 1.5, Tsac and Q.J. Choi,
J. Phys. Chea., 66,1233 (1962).

66. B.J. Meghan, I.M. Xolthoff exnd H. Xakinchi, J. Phyc.
Cherl., 66 , 1238 (1962).

S7. R.C. Xapoor, 0.P. Xachhwahe and 3.P.Sinha, J. PhyS.
Chera., 73, 1627 (1969).

98. R.C. Kepoor, i.X. Chotan and 3,P. Sinha, J.Phys.Chel.,
755 2036{(41971).

99. J.d. Bexencdele, .2, {crdy end L.49, Sutcliffe, Trans.
Faraday Soc., 47, 963 (1951).

100, G. Eargreaves and L.Z. Suicliffe; Trans. Fare
Soc., 51, 786 (1955).

10i. D.G. Hoere end W.h. Waters, J. Choo. Soc., 965 (1962);

2552 (1964).

102, T.4. Cooper and W.h. Waters, J. Cham. Soc., 1533{195%)

103. C.F. Wells, Trems. Faraday Soc., 63, 156 {1967).

10k, R.X. Murnann, J.C. Sulliven and R.C. Thornrson,

Inorg. Chem., 7, 18756(1868).



105.
1C6.

167,

1¢8.

iiz.

113,

ik,

115,

116,

117,

262

C.F. ¥Wells and D, lays, J. Caeu. Soc., 2175(1669).

R.C, Thompson and J.C. Sullivan, Inorg. Chen.,

9, 159¢ (1970).

C.F. W2lls and L.V, Xuritsyr, J.Cheu. Soc.(d),

676 (1970).

G.J. Bridgert, 11.W. FPuller and I.7. Wilgon, J.Cheu.
Soc, Dalton, 1274 (1573).

G.J. Bridgart and I.7%. Jilson, J. Chen. S50c. Dalton,
1281 (1973).

J. Jorden and G.J. Bwing, Irorg. Clen., i, 587(1%62).
C. Yalling, "Frec Ralicals in Soiution", Vilcey,

Hew York (4657), p. 38.

Y.D. Gomwgllk and A. Me Auley, J. Chem. Soc. (&),

2948 (1968).

B.S. 4Lmls and J.7F. Hintorn, "Solvent Effscts on
henicel Phoanonena®, Vol.I, Acedeniic Press, Mew York
(1973).

ToDe dughesc and C.X. Ingold, J. Chen. Soc., 255(1935).
Dedie 3rown and R.1. Hudson; J. Chen, Scc., 883,

3352 (1953).

. Gelles, T.B. Fughas end C.X. Inzoli, J. Chen.Soc.,
2918 (1954).

T.M. Koltnoff end T... Mezlhan, J. Polymer Sci.,

i1, 71 (1953).

7. Henriksen, J. Cher. Phys., 37,2189 (ig62).



119/

120,

iz21.,

122.

123,

124,

i25.

126.

128,

129,

131,

iz2.

263

Ji{J{ Windle, AiKi Wiersema and A¢lL: Tappel, JiCaeni
Pays., b1, 1996 (41664).

Bihs Stilen W.JiRi Tyerang 0.9, Strauez end H.B.Guening,
Cen: Js¢ Chemej 44, 2149 (1966)

F.X: Truby and WH: Storey, J« Chenms Phys., 3L, 857(i55¢).
T. Jenriksen, J. Chemwys Pays., 36,1258 (1562).

T¢ HBenriksen; T. Sanner and L Pihl, Rad. Res,,

18; 163 (1$63).

R.Ws Preisler and Mili, Betcnan, J. &i2er. Czelds S0cC.,

69, 2632 (1947).

Lo Hordvik and J. Sundsfjord, Acta Chea, Seand.,

19, 753 (1965).

G.3. Adams, G.S. KcWNaughton ané D.B. Michesl, "fhe
Chanistry of Ionization and Excitation” (B&. G. Seholos
and G,R.h. JORnsSon)y Taylor end Francis, Lozdon{i$67),
Pz?giv

W, Xerienn, 4, Granzow, G, Meissner end 4, Henglein,

Int. J. Rad. Phys. Chem., 1 , 395 (1969).

GeGe Jayson, D.h. Stirling end L.J., Swaliow, Int.

J. Rad. Biol.,1G, 143 (1971).

W. Kerwenn, G. lMeisener aud A. Fenglein, 4. Neturforsci.,
228, 273 (1567).

Je.We Purdice, H.A. Gillis cnd NJ.WV. XKlagsen, J.Chen.Scc.

Chen. Corra., 1163 (1571).

©,C, Owern and M.®., Brown, J. Org. Chood., 3%, 1161{19€9).



264

i33. J.E. Packer and R.V. Winchester, Can. J. Chem.,

134.

135,

136.

137.

138.

139.

140.

141.

142.

143.

144

145.
146.

147.

48, 417- ( 1970).

J.W. Purdie, Rad. Res., 48,474- (1971 ); Can. J.Chem.,
49, 725 ( 1971).

B.B. Peterson, J. Holian and W.M. Garrison, J. Phys.
Chem., 73, 1568 ( 196%).

K. Akasaka,; S. Ohnishi and H. Hatano, Kogyo Kagaku
Zasshi, 68, 1548- ( 1965).

F. Patten and W. Gordy, Rad. Res., 14, 573¢ (1961).
M.Z. Hoffman and E. Hayon, J. Amer. Chem. Soc., 94,
7950 (1972).

G, Caspari and G. Granzow, J. Phys. Chem., 74,

836- (1970).

A. Zweig and A.K. Hoffman, J. Org.Chem., 30,3997 (1965).
E. Vianello and E. Fornasari, Ric. Sci., 29,124 (1959),
S. Roffia and M.A. Raggi, Ric. Sci., 38,918 (1968).

0. Makitie and A. Ilvonen, Acta Chem, Scand., 26,

B47- (1972).

M.A. Rawoof and J.R. Sutter, J. Phys.Chem., 71,

2769 (1 1967).

E. Larson, Z. Anorg. Allg. Chem., 172,375 ( 1928).

R.E. Basford and F.M. Huennekens, J. Amer. Chem. Soc.,
7, 3873 (1955).

—

I.M. Kolthoff, J. Phys. Chem., 39, 955 ( 1935).

———



148. F.W. Hobden, E.F. Johnston, L.H.P. Weldon and C.L. Wilson,
J.Chem. Soc., 61 ( 1939).

149. G.E. Lienhard and W.P. Jentks, J. Amer. Chem. Soc.,
88,3982 ( 1966).

150. R.N. Jones and C. Sandorfy, "Techniques of Organic
Chemistry", Vol.9 ( A.Weissberger, Ed.), Interscience,
New York- ( 1956), p. &432.

151. G. Lunde and R.R. Hentz, J.Phys. Chem., 71,863 ( 1967).

152, J.3.3. Myron and R.H. Jdohnsen, J.Phys.Chem., 70,

2951 (1966).
153. T7.J. Wallace and J.J. Mahon, Chem. Ind., 765 (1965).
154, A.A., Oswald, F. Noel and G. Fisk, J.0Org. Chem., 26,
3974 ( 1961).

155. H. Berger, Rec. Trav. Chim., 82, 773 ( 1563).



RECORD OF

EXPERIMENTAL VALUES



266

Methyl Amine

[Tiethyl Amine_7 = 4.0x1¢”%M3 /Neow T = 1.0 x 1070
- =%

L.&BFe(CN)G 7 = 5.0 x 107 M;

0.D. (42C nm) for temperazture in (°C) at

ty 35° 40° 45° 50
0 04146 G146 0s146 0.146
5 0.143 Ca123 0139 Col3h
5.5 0140 G140 04135 0.13C
20 C.13h G.125 0,118 G106

Ethyl amine

[tuyl smine 7 = 5.0 x 1672 M3 [ K, Fe(ON)g T = 5.0x1071;

_J1d1L_Q%a;1mn_inx_zamag;gﬁgxz_ig_iﬁg) & .
im 35° 40 45° 50°
C C.078 0,078 0+078 C.078
10 C.C76 0.G76 C+C76 0.C77
130 C.C73 0.C7% _0.073 - 0.076
190 0.C73 0.072 0.072 0sG75

260 C.07% 0.070 0.074 0.C74
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Dimethy];émine

a) [KF (M) T = 5.0 x 107%; /[NatH 7 = 1.0 x 107% 15

temperature = (35.0 + 0.1)°C.
0.D. (420 nm) for [/ Dimethyl Amine _J at

t 0.005 M 0.01 M 0.05 M
0 0.124 0.124% 0.124
5 0.123 0.123 0.119
10 0.120 0,119 0.117
15 0.119 0,117 0.115
20 0.117 0,116 0.114
25.5 0.114 0.115 0.112

-4

b) [K,Fe(CN)g 7 = 5.0 x 107" I; [ Dimethyl Amine_J

= 1.0 X :L()"2 M; temperature = (35.0 + 0.1)°C.

0.D. (420 nm) for / NaOH_7 at

ty 0.1 M 0.25 M 0.5 M
0 0.124 0.124 0.124
5 0,123 0.124 0.124
10 0.119 0.123 0.123
15 C.117 0.119 0.421

31 0.115 0.115 0.118




c) [ NaoH 7 = 1.0 x 10~
= 1,0 x 10”2 M; temperature = (35.0 + 0.1)°c.

2638

1

M; [/ Dimethyl Amine_7/

0.D. (420 nm) for [~ K.F (CN) . 7 at

t 0.0001 M 0.0005 M 0.00075 M
0 0.026 0.124 0.218
5 0.024% 0.123 0.213
15 0.022 0.117 0.206
20 0.020 0.116 0.203
25.5 0.018 0.114 0.200

@) [ KzFe(CN) / = 5.0 x 10

-4

[ Dimethyl Amine 7 = 1.0 x 10"

0.D. (420 nm) for temperature in (°C) at

M3

-1 .

M; / NaOH_/ = 1.0x10 " M;

t 35° 5° us° 50°

0 0.12% 0.124 0124 0.124
5 0.123 0.121 0.120 0.119
10 0.119 0.120 0.117 0.115
15 0.117 0.118 0.111 0.111
20 0.116 0.116 0.111 0.106
31 0.115 0.11% 0.105 -
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Trimethyl Amine

a) /[Trimethyl amine_7 = 5.0 x 10”2 M; temp. = (35.0 + 0.1)°C.
0.D. (420 nm) for ZT'KBFe(CN)6;7 at

t,  0.005 M 0.0025 M 0.001 M 0.0005 M
0 0.586 0.406 0.275 0.144

6 0.574% 0.398 0.269 0.141
10,5 0.572 0.396 0.267 0.141

15 0.574 0.395 0.267 0.140
20.5 0.570 0:39%4 0.267 0.140
35.5 0.566 0.391 0.265 0.14%0

b) [ K;Fe(CN), J =5.0x 107> M; temp. = (35.0 + 0.1)°%.
0.D. (420 nm) for / Trimethyl amine_/ at

t 0.05 K 0.25 M 0.5 ¥
0 0.586 0.586 0.586
6 0.574 0.546 0.524
10.5 0.572 0.535 0.486
15 0.571 0.520 0.438
20.5 0.570 0.490 0.421
25 0.568 0.480 0.393

35,5 0.566 0.447 0.331
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¢) [ KsFe (CN)¢ J = 5.0 x 10™7 [rrimethyl amine 7

= 5.0x 1072 M

0.D. (420 nm) for Temperature in (°C) at

t, 35° 40° 45° - 50°
0 0.586 0.586 0.586 0.586
6 0.574 0.578 0.558 0.553
10.5 0.572 0.573 - 0.547
15 0.571 0.568 - 0.545
20.5 0.570 0.560 0.553 0.543
30.5 0.570 0.558 0.546 0.543
40 0566 0.547 0.542 0.533

Diethyl Amine

2

a) /” Diethyl amkne 7 = 5.0 x 10™° M; témp. = (35.0+0.1)°C.

0.D. (420 mm) for [K Fe(CN)g _/ at

ty 0.005 M 0.001 M 0.0005 M
0 0.401 0.242 0.164
31.5 0.395 0.238 0.163
68.5 0.389 0.234 0.158
94.5 0.385 0.230 0.149

125.5 0.380 0.225 0.142
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b) [HsFe(ON)g T = 5.0 x 107> M; temp. = (35.0+0.1)°C.

0.D. (420 nm) for [/ Diethyl amine_/ at

ty 0.05 M 0.25 ¥ 0.5 M
0 0.401 0.401 0.201
31.5 0.395 0.359 0.330
68.5 0.389 0+355 0.316
94.5 0.385 0.340 0.299
125.5 0.380 0.323 0.281
c) [KsFe(CN)y 7 = 5.0 x 10771 / Diethylamine 7/

= 5.0 x 1072

0.D. (420 nm) for Temperature in (OC) at
t 35° 45° 55°
0 0.%01 0.401 0.401
31.5 04395 0.38% 0.379
68.5 0.389 0.379 G337
%4.5 0.385 0.374 0.334
125.5 0.380 0.366 02330
152.5 0.373 0.360 0.325




Triethyl Anine

a) [/ Triethyl amine_/ = 5.0 x 1072 M; temp. = (35.0:9.1)°c.
0.D. (%20 nm) for [, Fe(CN), 7 at

t 0.0005 M 0.001 M G.005 M
0 0.052 0.061 0.065
6.5 0.045 0.059 0.065
10 0.041 0.055 0.064
15.5 0.G37 0.052 0.063
20 0,032 0.050 0.062
25 0.031 0.050 0.G62
32 C.028 0.048 0.060
40 0.025 G.043 0.058

b) [KyFe(@)g 7 = 5.0 x 107> M5 temp. = (35.040.1)°C,
0.D. (420 nm) for / Triethyl amine_7 at

ty 0.05 M 0.25 M

0 0.065 0.065
6.5 0.065 0.059
10 0.064 0,053
15.5 G.C63 0.045
20 0.062 0.031
25 0.062 0.020
32 0.060 0.011

’10 00058 0.008
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N,N - Dimethyl Aniline

a) /” N,N-Dimetayl Aniline J = 1.0 x 10™2; /7KC1_7

s /[ NaOH 7 = 1.0x10~2; Solvent

= 1.0 x 10~
= [ Me0d: Hy0 = 60; 40% v/v _7 temp. = (35.0:0.1)°C.

0.D. (420 nm) for [f‘Ker(CN)G 7 at

t C.001 M 0.00075 M 0.0005 M 0.00025 M
0 0.152 0.101 0.083 0.045
5.5 0.147 0.092 0.072 0.032
10.5 O.141 0.090 0.068 0.031
15.5 0.139 0.085 0,064 0.028
21 0.133 0.083 0.060 0.024
25.5 0.130 0.079 0.059 0.023

30.5 0.128 0.078 0.057 0.020




- R74

b) [KyPe(CN)g 7 = 1.0x107M; [Na0H 7 = 1.0 x 107° 1i;
L XC_7=1.0x 10*1M; Solvent = [fMeOH:H20=6o:4o% v/v T

temp. = (35.0 + 0.1 )OC.
0.D. (%420 nm) for / N,N - Dimethyl Aniline_/ at

t 0.075 M 0.025 M 0.01 M

0 0.152 0.152 0.152
545 0.127 0.145 0.147
10.5 0.106 0.140 O.141
15.5 0.097 0.135 0.139
21 0.087 0.133
25.5 0.082 0.123 0,130
30.5 0.078 0.117 0.128
3545 0.066 0.110 0.125
45 0.060 0.103 0.121

55«5 0.051 0.092 0.116
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¢) [T KgFe(CN)g T = 1.0 x 107U /T K€L 7 = 1.0x107" i

[ N,N-Dimethyl Anilire 7 = 1.0 x 10-2M; temp.-(35.03_0.1)°C.
Solvent =~ [MeOH: Hy0 = 60:40% v/v_J
0.D. (420 nm) for / NaOH_ 7 at

Yy 0.01 ¥ 0.025 ¥ 0.1 M
0 0.152 0.152 C.152
5.5 0.147 - 0.119
10.5 O.141 - 0.089
i5.5 0.139 - 0.075
21 0.133 - 0.060
2545 0.130 0.113 0.050
3045 0.128 - 0.042
3545 0.125 0.109 -

45 0.121 - -

5545 0.116 0.104 -

675 0.112 - -
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a) /W,N-Digiethyl Aniline 7 = 1.0 x 10™M; /KC1_7
= 1.0 x 107 M3 [ Fe(CN) 7 = 1.0 x 1070u; [ Na0i ]
= 1,0x10"2M; temp. = (35.0+0.1)°C.
0.D. (420 nm ) for solvent [/ ie0d% v/v _7 at

t, 5% 55% 60%

0 0.152 0.152 0.152
5.5 0.137 0.145 0.147
10.5 0.134 0.143 O.141
15.5 0.132 0.140 0.13¢
21 0.130 0.138 0.153%
2545 0.128 0.135 0.130
30.5 0.125 0.132 0.128
35.5 0.124 0.127 0.125

45 0.118 0.121 0.121




e) [f'N;N-Dimethyl 4niline_7 = 1.0x10‘2M;.[fK01_7
= 1,0 x 10~
= 1,0 x 10°
0.D. (420 nu) for temperature in (°C.) at

i
2

M3
M3
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[KyPe(CN) g T = 1.0x1070u; [Nao 7
Solvent = /[MeOH : H,0 = 60:40% v/v_/

t 30° 35° 40° 45°

0 0.152 0.152 0.152 0.152
5.5 H.149 0.147 0.146 0.145
10.5 C.145 0.141 0.142 0.140
15.5 0.142 0.139 0.137 0.132
21 0.139 0.133 0.131 0.127
25.5 0.135 0,130 0.126 0.121
3045 0.133 0.128 0.122 0.147
35.5 0.130 0.125 0.117 0.112
45 0.124 0.121 0.111 0.104
5545 0.119 0.116 0.105 0,097
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N,N-Diethyl Aniline

a) /7N,N-Diethyl aniline_7 = 1.0x10™3¢; /KC1_7 = 1.0x10™ 1

[ NaOH_/ = 1.0x10"2y; temp. = (35.0+0.1)°C.
Solvent = [MeOH : Hy0 = B60:40% v/v_J
0.D. (420 na ) for [‘KZFe(CN)6 7 at

n 0.00025 M 0.0005 M 0.00075 # 0.001H
0 0,020 0.035 0.045 0.060
55 0.017 0.031 0,040 6.058
10 0.015 0.030 0.039 0.053
20.5 0.013 0.028 0.038 0.051
25 0.012 0.026 0.036 0.050
36 0.010 0.024 0.035 0.049

b) /W,N-Diethyl Aniline 7 = 1.0 x 107 2M; /KC1_7= 1.0x10” 1113

[EsPe(CN) o 7 = 1.0 x 1077M; temp. = (35.0+0.1)°C.
Solvent = [MeOH: H,0 = 60:40% v/v_7
0.D. (420 nm) for / NaCH_/ at

t 0.01M 0.025M4 0.054 0.1
0 0,060 0.060 0.060 0.660
545 0.058 0.057 0.056 0.050
10 0.053 0.055 0.052 C.0%5
17 0.052 0.054% 0.047 0.0%0
20.5 0.051 0.053 0.047 0+039
25 6.050 0,051 0.046 0.036

3065 0,047 0.048 0,04k 0.032
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1

¢) /N,N-Diethyl aniline 7 = 1.0x10"2M; /[ KCl_7 =-1.0%x10™ M

[fk3Fe(cN)6;7 = 1.0x1077H; /[ NaOH 7 = 1.0 x 1072 u;
Solvent = [MeOH: Hy0 = 60:40% v/v_]

0.D. (420 nn) for temperature in (OC) at

tm 300 350 1,0° 50°

0 0.060 0.3550 0.060 0.060
545 0.056 0.058 0.054% © 0,053
17 0.053 0.052 0.053 0.052
25 0.051 0.051 0.051 0.050
26 0.050 0,049 0.050 04049

Benzyl Amine

2) [Benzylamine _J = 1,0 M; temp. = (60.0+0.1)°C.
0.D. (420 nm) for [kaFe(CN)6_7 at

t, 0.01 ¥ 0.025 M C.05 M 0.075 M 0.1 M
0 0.331 C+355 0.379 G.457 0.490
78 0.328 0347 0.360 02354 0.355
109  0.326 04340 04349 04320 0.313
139  0G.325 04337 Oe341 0,291 0.275
166.5 0.323 0.333 0.328 0.263 0.246
211 0.320 0.%28 0.320 0.252 0.2%5

242 - G.311 0.3%11 0.240 0.230
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b) [KsFe(tN)g 7 = 1.0 x 1071K; [TBenzyl amine 7 = 1.0 I
0.D. (420 nm) for Temperature in (°C) at

0 0 0
tm 50 60 70
0 0.490 0.490 0.490
78 0.412 0.355 0275
109 C.384 C.313 0.235
139 0.359 0.275 0.183
166.5 0338 0.246 0.151
211 0.306 0.231 §.130
242 | 0280 0.216 _ 0.115

1

c) [K;),Fe(CN)6 7 = 1.0x107"M; temp. = (60.0+0.1)°C,

0.D. (420 nm) for / Benzylamine J at

b 1.0 M 1.25 ¥ 1.5 ¥ 2,0 M
0 0.490 0.490 0.490 0.490
78 04355 0.328 04350 0.271
109 0.313 0307 0.228 0.221
139 0.275 04237 04189 0.176
166.5 0.246 C.205 0.154 O.147
211 0.215 0.162 0,113 G.115

242 0,184 C.139 0.085 0.080




281

Diphenyl Anine - -

a) [/ Diphenyl amine / = 1.C x 10"2M; [ Na0H_7 = 1.0}:10—11‘4;

temp, = (55.03-_0.1)90.; solvent = [ MeCH:H,0= 70:30% v/v_]
[ ¥C1 7 = 1.0 x 1072 u
0.D. (420 nm) for [fkspe(CN)6 7 at

t, 0.CC1 M 0.00075 M 0.0005 M 0.00025 M
0 0.200 0.095 0.087 0.054
10.5 0.189 0.090 0.081 0.051
20.5 0.180 0.086 0.078 0.050
3C«5 0.172 6.082 0.076 0.049
40.5 0.162 0.078 0,072 0,047
50 0.154 0.075 0,069 0.043
60 0.149 0.070 0.066 0.040

b) [K,Fe(N)g 7 = 1.0x107H; [Na0H_J = 1.0x10™" 13

temp. = (55.010.1)00.; Solvent = [ MeCH:H,0 = 70:30% v/v_]
[XCL T = 1.0 x 1072 i
0.D. (420 nm ) for / Diphenyl amine ] at

t, 0.05 M 0.025M 0.01 M.
0 04200 0.200 0.260
10.5 0.179 0,184 0.196
20.5 0.167 0.171 0.196
30.5 0,157 0.165 0,190
40.5 C.155 0.160 0.189
50 0.150 0.156 0.186

60 0.145 C.150 0.180
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o) [KsFo(ON) T = 1.0x10771; [“Diphenyl amine_J=1.0x10”;

[NaOH 7 = 1.0 x 10"1M; temp. = (5'5.03-_0.1)00.

[KCL T = 1.0 x 1072 i;

0.D. (420 nm) for solvent [ 1{e0H% v/v_7/ at

T, 559 607 65% 70%

0 0,200 0.200 0.200 0.200
10.5 0.101 0.190 0.191 0.189
20.5 0.186 0.185 0.184 0.180
30.5 0.177 0.178 0.172 0.172
40,5 0.171 0.169 0.164 0.162
50 0.164 0.162 0.160 0.154
60 0.162 0.156 0.155 0.149

8) [KyPe(cN) T = 1.0x4072}; /Diphenyl amine 7= 1.0x10"
[KC1_7 = 1.0x10"%; Solvent = [VeOL3H,0= 70:30% v/v_]
temp. = (550010.1)000

0.D. (%20 nm) for [ NaOH_7 at

2

M43

t 0.05 M Cel M 025 M
0 0.200 0.200 0.200
10,5 0.191 0.196 0.181
20,5 0.186 0.196 0.164
30.5 0.179 0.190 0.150
40,5 0.174 0.189 0.140
50 G165 0.186 0.131
60 0.159 0.180 0.120
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e) [TKBFe(CN)G‘;T = 1.0 x 10713 /[ Diphenyl amine_]Ei.Oxlo-gM;

[ Na0H 7 = 1.0 x 10~ 3 [ XKCL 7 = 1.0 x 1072 u;
Solvent = [MeOH : Hy0 = 70:30% v/v_]

0.D. (420 mm) for temperature in (°C) at

t,  40° 45° 50° 55°

0 0.260 0.200 G.200 04200
10.5 0.196 00196 0.193 0.189
20.5 C.196 0.193 0.187 0.180
3G¢5 04190 C.186 0.178 0.172
40,5 0.189 0.281 C.171 0.162
50 0.186 0.176 0+166 0.154
60 0.180 C.172 C.162 0.149

Sodiwa Sulfite

a) /“Sodium Sulfite 7 .= 1.0x1C ™ 2M; [NaOH 7 = 1.0 x 107t

[ XC1 7 = 5.0 x 107%M; temp. = (35.0+0.1)°C.
0.D. (420 nm) for [fkjpe(CN)6 _7 at

ve

t C.C01 M 0.00075 M G.CC05 M
0 0.2C5 0.185 0.139
4 G.175 0.155 C.115
8 O.i44 0.132 0.10C
12 0.115 0.112 0.G81
16 0.090 0.095 0.072
20 0.072 0.079 0.060

pa 0.058 0.068 0.045
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. : -2 - -3
b) /[ Sodium Sulfite_J = 1.0 x 10™“M; [_KBFe(CN)6_7 =1,0x10"’M;
[KC1L T = 5.0 x 107°M; temp. = (35.0+0.1)°C.
0.D. (420 nm) for /[ NaOd 7 at

v 0.05 M 0.1 ¥ 0.25 M
0 0.205 0.025 0.205
4 0.181 0.173 0.161
8 0.163 O.144 0.112
12 0.145 0.115 0.073
16 0.131 ‘ 0.090 0.045
20 0.119 - 0.072 0.027
24 0.103 0.058 0.017

c) [fker(CN)G 7= 1.0x1077 1 [ NaOH 7 = 1.0 x 107 u;

[XCL 7 = 5.0 x 10”2 M; temp. = (35.0+0.1)°C.
0.D. (420 nm) for / Sodium Suifite / at

by 0.0075 M 0.01 M 0.025 M
0 0.205 0.205 0.205
Y 0.185 0.171 0.163
8 0.163 0.1k 0.094
12 0.137 0.115 0.056
16 0.119 0.090 0.029
20 0.104 0.072 0.013

24 0.089 0.058 0.006
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d) [ Pe(CN)g 7 = 1.0 x 107 H; [“Sodium Sulfite 7

= 1.0 x 1072 u; /[KCL 7 = 5.0 x 1072 ¥; [NaoH 7

éji.o x 10-1 M; 0.D. (420 nm) for temperature in (OC)‘At
t 30° 35° 40° 459
0 0.205 0,205 0.205 0.205
4 0.181 0.173 0,160 0.157
8 0.161 Oollh 0.130 0.112
12 0.138 0.115 0.093 0.0672
16 0.108 0.090 0.074% 0.041
20 0.089 0.072 0.057 0.023
24 0.075 0.058 0.031 0,008

Sodium thiosulfate
a) [TK,Pe(CN) 7 = 1.0 x 107> 1; [Na0H ] = 1.0 x 107 153
[KCL 7 = 5.0 x 10”%M; temp. = (35.0+6.1)°C.
0.3« (420 nm) for / Socium tihiosulfate_J at

t 1M G5 I 0.25 ¥
0 0.201 C.291 0.291
6 0.268 C.281 0.284
1G6.5 0.227 0.279 0.280
15.5 C.166 G.274 0.279
21 0.101 0.262 0.277 '
26 0.049 0.247 0.274

3045 C.024 0.230 0.272
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B) /Sodium thiosulfate 7 = 5.C x 10" M; /Na0H 7 = 1.0x10™%

[XCL 7 = 5.0 x 1072M; temp. = (35.040.1)°C.
0.D., (420 nm) for [kaFe(CN>6 7 at

;3

b, 0.0025 M 0.001 M 0.00075 M 0.0005 M
0 0.323 0.291 0.259 0.227
6 0.320 0.281 0.252 0.203
10.5 0.316 0.279 0.244 0.195
15.5 0.312 0.274% 0.232 0.185
21 G310 C.262 0.216 G174
26 0.308 C.247 0.199 0.158
3045 0.307 0.230 0.181 c.138
36 G.312 0.213 0.161 0.117
40.5 0C.304% 0.199 C.141 .099

¢) [TSo.ium thiosulfate_7 = 5.0 x 1071M; /TKC1_7=5.0x10™2w;

[ Felow) T = 1.0x1C77M; temp. = (35.0+0.1)°C.
0.D. (420 nm) for [/ Na0i_/ at

t, 0.5 M 0.25 M 0.1 M 0.05 M 0.025 M
0 0.291 0.291 0.291 C.291 0.291
6 0.280 0.277 0.281 0.279 0.288
10.5 0.273 0.274 0.279 0,276 0.284
15.5 0.266 0.266 0.274 0,272 0.282
21 C+240 0.260 0.262 0.272 0.266
26 0,218 0.245 0.247 0.251 0.260
3C.5 0.198 G.221 0.230 0.236 0.239
36 0.172 0.198 0.213 0.218 0.227

40.5 0.159 C.177 c.19¢ 0.202 0.209
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a) [KsFe(CN)g T = 1.0x1070H; [NacH = 1.0x10™ty; ]

[“Sodium thiosulfate 7 = 5.0x1071M; /KCL 7 =5.0x10°M;
0.D. (420 nm) for temperature in (°C) at

t 30° 35° 40° 45°

0 0.291 0.291 0.291 0.291
6 0.287 0.281 0.275 0.254
10.5 0.279 0.279 0.267 0.240
15.5  0.279 0.274 0.250 0.215
21 G273 0.262 0.227 0.180
26 0.266 0.247 0.200 04160
30s5 0.258 04230 C.169 C.119
36 0.250 0.213 C.146 0.061
4C.5  0.243 0.199 0.132 C.020

Sodium Dithionite

a) /“Sodium ditaionite 7 = 1.0x10™> M; /KCl 7 = 5.0x10”2u;

[EsFe(CN) ¢ T = 1.0x10™ ¥; temp. = (35+0.1)°C.
0.D." (420 nm) for / NaOH_/ at

t 0.0056 M 0.1 i 0.25 M 0.5 H
) 042C0 0.200 C.2C0 0.20C
5 0.189 C.175 0.180 0.180
10 0.180 0.170 0.169 0.163
15 0177 0.164 0.162 0:149
20 0.17C 0.157 * Ce153 Ce140
25 0.163 04150 C.138 C.134
30 0.157 0.152 C.132 0.132
35 C+157 C.146 0.132 0.130

40 0.156 C.142 0.128 C.128




b) [KsFe(CN)o 7 = 1,0x107> ¥; [KC1_7 = 5.0x10"
[Na0H 7 = 1.C x 1”1 ¥; temp. = (35.0+0.1)°C.

288

0.D. (420 nm) for / Sodium dithionite / at

by 0.00C75 M 0.001 M 0.0025 M 0.005 M
0 0.200 0.2C0 0.200 0.2C0
5 0.186 0.175 0.169 0,130
10 0.182 0.170 C.154 C. 399
15 0.176 O.164 0,134 G.C66
20 0.178 0.157 0.12¢ G054
25 C.175 0.15C O.114 C.040
30 0.173 C.152 0.104 G.027

i

¢) [Sodium dithionite 7 = 1.0x1077; /NaOH_7 1.C x 107 11;

[XC1L 7 = 5.0 x 107%4; temp. = (35.0 + 0.1)°C,
0.D. (%420 nm) for ['K,).Fe(CN)6 7 at

t 0.0C05 M €.00C75 M 0.001 M
o) C.120 0.159 | C.200
5 0067 0120 C.175
10 0.663 Co11iC 0.17C
15 0.059 0.108 O.164
20 0.G55 0.103 0.157
25 0.C51 0.099 04150
30 0.048 C.095 0.152
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d) ["Sodium dithionite 7 = 1.0 x 107°M; /NaoH_7 1.0x10™ 11

LR Fo(CN) g T = 140x10™ 15 [TKCL T = 5.0 x 1072 1y
0¢D: (420 nm ) for temperature in (°C) at
t, 30° 35° 40°
0 0,200 0.200 0.200
5 0,193 04175 0,158
10 0,186 0.170 04156
15 ’ 0,176 0.164 0.142
20 0.168 0.157 0.135
25 0.162 0.150 0.130
30 0.161 0.152 0.122

Potassiun metabisuifite

a) [TPotassiup metabisulfite 7 = 7.5 x 107°M; [/ NaOE_7
[KCLT7 = 5.0 x 1072 M; semp. = (35.0 + 0.1 )°C
0.D., (420 nm) for [_KSFe(CN)6_7 at

Tm o001 M 0' 00075 M C'Q000O5M
e 0.550 0.470 0.355

5 0.465 0,405 0.266
6.5 0.371 0.342 0.185
10 0.292 0.255 0.116
14 0.223 0.152 0.067
18,5 0.158 0.093 0.035

2% 0.123% 0.068 0.018
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b) [KyFe(cN) 7 = 1.0x107 1 /KC1 T 5.0 x 1072 s
[ Potassium metabisulfite 7 = 7.5 x 107-M; temp.
= (35.0 + 0.1)°C
0.D. (420 nm) for [/ Waod 7 at

T 0.05 M 0.1 M 0.25 M 0.5 M
0 0.550 0.550 0.550 0.550
3.5 0.484 0.465 0.377 - 0.360
6.5 0.404% 0.271 0.315 0.205
10 0.290 0.252 0.191 0.001
1k 0.187 0.223 0.117 0.030
18.5 0.136 0.158 0.075 0.009

- -3 . -2
¢) [ Fe(ON) o 7 = 1.051070u; [KC1L T 5.0 x 107" M

[Potasshum metabisulfite 7 = 7.5x107M;
[Na0H 7 = 1.0 x 10°t u
0.D. (420 nm) for Temperature in (°C) at

tn 30° 35° 40° 45°

o 0.550 0.550 0.550 0.550
3.5 0.465 0.465 " 0l.421 0.415
6.5 C.408 0.371 0.301 0.266
10 0345 0.292 0.209 0.150
14 0.284 0.22% 0.131 0.088
18.5 0.229 0.158 0.105 0.045

21 0.203 - 0.123 0.065 0.010
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SODIUM THICCYANATE

a) [Thiocyanate T = 2.0 M3 [KsFe(CN)g 7 =1%0 x 1071

[ Na0H_7 = 5.0 x 10

1

2

M; /[ XCL 7 = 5.0 x 107" M;
0.D. (420 nm) for temperature in (°C) at

b 50 60 70
0 0.251 0.251 0.251
5 0.242 0.237 0.225
10 0.231 0.220 0.200,
15 Q.222 0.205 0.195
20.5 0.211 0.193 0.180
25 0.199 0.186 0.176
30 0.190 0.178 0.172
b) [Thiocyanate 7 = 2.0 M ; /NeOH 7 = 5.0 x 10" 1u;

[KCL 7 = 5.0 x 10"2M; temperature = (503-_0.1)00.

0.D. (420 nm) for [Tk3Fe(CN)6_7 at
ty 0.001 M 0.00075 M 0.0005 .M 0.00025 M
0 0.251 0.228 0.174 0.110
5 0.242 0.210 0.157 0.098
10 0.231 0.202 0.147 0.088
15 0,222 0.196 0.140 0.083
20.5 0.211 0.184 0.130 0.079
25 0.196 0.173 0.124 0.070
30 0.190 0.167 0.114 0.066
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o) [KyPe(CN)g T = 1.0 x 107°M; [Thiocyanate 7 = 2.0 ;
[XCL_T = 5.0 x 10”2HM; temperature = (5040.1)°C.
0.D. (420 nm) for / NaOH_/ at

b 0.25 ¥ 0.5 M 1.0 4
0 0.251 0.251 0.251
5 0.242 0.242 0,229
10 0.239 0.231 0,217
15 0.227 0.222 G.208
20.5 0.223 0.211 0.196
25 0.21% 0.199 0.189
30 0.204 0.190 0.184

a) [TKyFe(GN) s 7 = 1.0x1070M; [We0H 7 = 5.0x107" &
[¥CL T = 5.0 x 1072
0.D. (420 nm) for / thiocyenate 7 at

M; temperaigre = (5010.1)00.

T 1.0 4 1.5 4 2.0 ¥
0 0.259 0.251 0.251
5 0.257 0.246 0.242
10 0.251 C.241 G.231
15 C.24l 0.236 0.222
2C.5 0.241 0.231 0.211
25 0.238 0.227 0.199

30 0.236 0.222 0.190
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Phiomalic Acid

1

a) [HsFe(CN) 7 = 1.0 x 107 i; [HCL T = 1.0 x 107 13
[KCL 7 = 5.0 x 10°> M; temp. = (35.0 + 6.1 )°C.
0.D. (420 nu) for /  Thiomalic acid_/ at
b 0.0075 ¥ 0.01 K 0.025 K
0 0.209 0+209 04209
5¢5 0.098 0.065 C.0C9
10 0.074 0+0k44 0.C07
15 C.060 0.039 0.G06
20 0.055 0.026 0.005
25 0.046 0.025 0.00k
30 0,040 0.025 0.004

b) [/ Thiomalic acid 7 = 1.0x1072M; [HCL 7 = 1.0x407% 1
[¥ClL 7 = 5.0 x 102 43 temp. = (35.0 + 0.1)%.
0.D. (420 nm) for [K Fe(CN), 7 at

t, 0.0075 ¥ 0.0C05 M 0.001 M
0 0.154 c.109 0.209
0.051 0.039 C.065
10 0+037 0.027 0o Okik
15 0.032 0.022 0.039
20 0.029 0eC17 0.026
25 0.026 0.012 0.025

30 C.022 0.C11 0.025
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¢) /[Thiomelic eeid 7 = 1.0 x 107° M; [/ KCL [ = 5. 0x10™21;
[ ¥sFe(CN) ¢ T = 1.0 x 1077 M; teap, =(35.020.1)°C.

0.D. (420 nm) for / HC1 _7 at

2

b 0.1 0.25 ¥ 0.50 M
0 0,209 0.209 0209
04065 0.091 0.110
10 0.0k44 C.084 0.103%
15 0.039 0.080 0.099
20 0.026 0.073 0.092
25 0.025 C.072 ‘ 0.091
30 0.025 0.068 0.087

d) /[TPhiomalic acid_7 = 1.0x107°M; /HC1 7 = 1.0x107'M;

[EsFe(CN)¢ T = 1.0x10™° u; /KCL T = 5.0x10"2 M;
0.D. (420 nm) for temperature in (°C) at

tm 25o 30o 35o 40°

0 0.209 0.209 0.209 04209
5 0+09% 0.078 0.0655 0.051
10 0.087 0.067 0404k 0.043
15 0.082 0+057 0.039 0.036
20 0.076 0.052 0.026 0.031
25 0.074 0.048 0.025 0.026

20 0.070 0.045 0.020 0.020
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Thiol@enol

a) [KyPo(N)g 7 = 1.0 x 2071 15 /KC1 T 5.0 x 107

Solvent = /"MeOH: H,0 = 80:20% v/v_7 temp.=(35.0+0,1)°C.
0.B. (420 nm) for / Thiophenol_7 at

Ty 0.0075 M 0.01 M 0.025 M 0.05 M
0 0.535 0.535 0.535 0.535
6 0.491 0.485 0.485 0.418
16 0.480 0.485 0.447 0.283
25 0.471 0.470 0.375 0.227
30 0.468 0.455 0.339 0.180
35 0.465 04445 0.291 0.152
45 0.458 0.432 0.286 0.126

“2 u; /HCL 7 1.0 x10”t

[KeL 7 = 5.0 x 10™* M3 Solvent [MeOH:H,0 = 80:20% v/v_]
temp. = (35.0 + 0.1)°C.
0.D. (420 nn) for [’KSFe(cN)6 _7J at

b) /[ Thiophenol 7 = 1.0x10

b 0.0005 M 0.00075 M 0.001 M
0 0.328 0.350 0.535

6 0.290 0.325 0.485
i6 0.260 0.289 0.485
o3 0.263 0.25% 8. 470
30 0.231 C+265 0.458
35 0.227 0.249 0.44%
L5

0.216 0.223 0,431

—r— —m——— e e b a~
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¢) [EyPe(CN)g 7 = 1,0 x 107M; [Trhiophenol T = 1.0x10”M;

[HC T = 1.0x107t u; L ¥CL 7 = 5.0 x 107" u;
tenp. = (3500 bl 0.1)000

0.D. (420 nn) for soivent ['MaOH:HQO% v/v_] at

n 65 70 75 80 85

0 0.535 0.535 0.535 0.535 0.535
6 0.512 0.507 0.505 0.485 0.496
16  0.490 0.490 0.478 0.485 0.458
25 0.481  0.481 0.469 0.470 0.432
3G 0.47% 0.476 0,458 0.460 O.lll
35 0.269  0.461 Q. 449 0.445 0.402
45 0.458  0.450 0.432 0.429 6.390

d) [Teniophenal T = 1.0 x 10725 [KsFe(CN) ¢ 7 = 1.0x107H;

[ KCL 7 5.0 x 107"4M; teup. = (35.0 + 0.1)%.

Solvent =  / MeOH: Hy0 = 80:20% viv_]
0.D. (420 nm) for [ HC1l_7 at

b 0.l ¥ 0.25 ¥ 0.5 K
0 0.535 0.535 04535
6 0.485 0.463 0.430
16 0.485 0.455 0.416
25 0.470 0.441 G.409
30 0.460 0.430L 0.401

35 0,445 0.429 0,395
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e) /  Thiophenol_/ = 1.0x1072 u; LEFe(CN), T = 1.0x4071;
[HELT = 1.0xt07 M SKCL T = 5.0 x 107 3
Solvent = /7~ MeOH : Hy0 = 80:20% v/v_/

0.D. (420 mm) for temperature in (°C) at

t, 36 35 40 45
0.535 0.535 0.535 0.535
0.501 G.485 0.479 0.462
16 0.491 0.485 O 445 Q.431
25 0.471 0.470 0.422 0.398
36 0.460 0.456 0.400 0.370
35 0.441 0.445 0.392 0.355

45 0.43C 0.431 0.385 0.331
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i, KINETICS OF OXIDATION OF SOUE ALIPHATIC AMINES

BY ALKALINE HEXACYANOFBRRATE (ITI)

The Xinetics of oxidation of some aliphatic amines
(methylamine, dimethylamine, trimethylamine, ethylemine,
diethylamine and triethylamine) by potassium hexacyanoferrate
(III), in alkaline medium, at constant ionic strength, under

.2 nitrogen atmosphere, has been studied.

The rates of these reactions wers found to be
dependent on the first powers of the concemtra tions of both,
substrate and oxidant. The rate of the reacticn was indepsndent
of the concentration of alkali in the range studied, for
methylanine and dimethylamine. An alkeline pH wesweeessary
for the facile oxidation oFf “heSe aminea. Thaough there was
no dependence on [ alkali / over the pH range~studied,.thé

reaction was not independent of pH, in ths wider sense.

All the other amines { trimethylanmine, ethylamine,
diethylamine and triethylacine) underwent facilsz oxidation by
agueous hexacyanoferrate (III) in neutral =aedium, that is,
without using any alkaii.

The effect of changes in temperature on the rates
of the reactions has been studied, and the activation peremeters
have been evaluated.

Variations in the ionic strength of the medium,
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changes in the concentrations of added hexacyanoferrate (1I1)
iors, and the addition of salts, did not havd any effect on
the rates of these reactions.

The presence of radical intermediates, formed in
the rate dQetermining step of the reaction, has been detected
and characterized by ESR sSpectroscopy.

The reaction pathway hes been mechanistically
visualizesd as proceeding via the formation of radical
intermediates in the rate determining step. The radical
underwent further reaction to yield the products. The products
formed from the oxidation Of metihylamine, dimethylamine and
trimetiaylanine were the respective N-aeyl derivatives. The
products from the oxidation of ethylanine, digthylamine and
triethylamine, were the respective dealkylated products. These

products were characterized by analytical and spectral methods.

2, KINETICS OF OXIDATION OF SOME AROMATIC AMINES BY

ALXKALINE HEXACYANOFERRATZE (III).

The kinetics of oxidation of some arcmatic anines
(aniline and substituted anilines, N-methylamiline, N-gthyl-
gniline, N,N-diaethylaniline, N,MN-diethylanilinz, benzylamine
and substituted benzylemines, diphenylamine end substituted
diphenylemines) by potessium hexacyanoferrate (I1I), in

alkaline mediun, at constant ionic strength, under a nitrogen
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atmasphere.has been studied.

The rates of thess reactions were dependent on the
first powers of the concentrations of both, substrate and
oxident. The rate of the reaction was independent of the
concentration of alkali in the range studied. An alkaline
g was necessary for the facile oxidation of these asines.

The reactions were influenced by changes in the
temperature, and thd activation parameters have been evaluated.

Variations in the ionic strength of the mediunm,
changes in the concentrations of added hexaecyenoferrate £II)
ions, and the addition of salts, Qid not have any effect on
the rates of these reactions.

Increagsing proportions of methanol resulted in an
increase in the rate of oxidation, in the case of eniline and
diphenylanine. In the cases of N,N-dimgthyleniline, the reverse

trend was cbserved. Plots of log k against the reciproczal

obs
of the dielectric constant were linear, indicating that the
reactions under consideration were of the ion-dipole typa.
The introduction of electron-releasing groups
caused an increase in the rate of the reactionys whereas

electron-withdrawing groups caused a decreasSe in the rate

of the reaction. Hemmett plots of log k. ageinst o~ (or &™)

were linear, with the values of «fﬁ = « 1,0 (anilines), and
f7= - 1,0 (for diphenylamines and beuzylamines). The ‘fD

values for these substrates (enilines, diphenylamines and



301

benzylamines) were in the range for procegses whersin the
rate determining step'involved the formetion of rsdical
internediates. k )

The oxidation of besnzylanine ’aﬂ:‘dz exaibited a
kinetic isotope effect, with IgH/kD « 5.3, indicating a cleavage
of tae C-ﬁkbond of the methylene group attached to the aryl
ring, resulting in the formation of a radicel intermediate
in the rate - determining step of the reaction.

The presence of radical intermediates was detected
and characterized by ESR sSpectroscopye.

The reaction pathway has bsen mechanistically
visualized as proceeding via the formation of a radiczl
internediate in the rate determining step. The radical was
rapidly converted to the products. Zfforts to isoqlate
intermediate product(s) wdre not successful. '

The products obtainzd from the oxidetion of the
vericus aromatic amines, were:

(a) azobenzene (80-85%), from the oxidation of aniline;

(b) formenilide (70%) fron the oxidetion of N-methyleniline;

(c) formenilide (70%) end <formaldehyde (10%),.from the
oxidation of N-ethylaniline;

(d) N-methylformanilide (75%), from the oxidation of N,N-
Qimethylaniline;

(e) formanilide (70%), aceteldehyde (10%) and formaldehyde (10%),
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from tae oxidation of N,N-diethyleniling;

(£) tetraphenylhydrazine (80%), from the oxidation of
dipaenylanine;

(g) benzaldehyds (8C%) and ammionia, from the oxidation

of benzylanine,

The products formed, in each cese, wWere isolated and

characterized by analyticzl and spectral methods,

3. KINSBTICS OF OXJIDATION OF SOME INORGANIC SULFUR

COMPOUNDS BY ALKALINE HEXACYANOFERRATE (ITIT).

The kineties of oxidation of some inorggmic sulfur
compounds (sulfite, nmetabisulfite, ditarionite, thiosulfate
and thiocyenate) by potassiun hexacyanoferrate(III), in
alkaline zediun, at constant jonic strength, undsr a mitrogen

atnosohere, has been studiesd,.

The rates of the reactions were observed to be dependent
on the first powers of the concentzations of sach, substrate
and oxidant. Tae rates of the reaectidns were dependent on
the first powers of the concentrations of alZali in the range
studied, in the case of sulfits, metabisulfite and dithionite
iorns. In the case of thiosulfate and thioeyanate ions, the
rates were independent of the concentrations of alkali in the

renge studied.
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The rates of tae reactions were influcneed by changes
in temperature, and the activetion parameters have been
evaluated.

Variations in the ionic strepgth of thz medium, and
changss in the concentrations of added hexacyanoferrate (II)
ions, did not have any effect on the rates of these reactions.

Redical intermediates were detected in the oxideation
reactions of sulfite, dithionite and thiocyanate ions.

The mechanistib pethway envisaged the formation of
redicel internmediates, in the case of the oxidation of
sulfite, dithionite end thiocyanate ions. Rapid dimerization
yielded the producte, wihich were isolated and characterized.
In tae oxidation of thiosulfate, the intermediate anion
undervent repid dimerization to yield the produet, which

wes isolated and characterized,

4, KINBTICS OF OXIDLIION OF SOMZ OIGANIC SULFUR COMPOUNDS

BY ACIDIC OEXACYANOFERRATE (III).

The kinetics of oxidation of sone orgenic sulfur
compounds (thiomalic secid, thioglycolic acid and thiophenol)
by potassium hexacyanofsrrate (III), in acidic medium, at

constant ionic strength, undoer a nitrogen atmosthere, heg baen
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he rates of the reactions showed a first order
dependence on the concentrations of each, substrate and
oxident. The rates of the reactions S@OWed g first order
dependence on the concentration of acid ( in the case of
“thioglycolic acid and thiophenol), but showed an inverse
dependence on the concentration of the acid, in the case

of thiomalic acid,

The rates of the reactions vere enhanced, with an
increase in the temperaiuwre of the medium. The activation

parameters have been evaluated.

Increasing proportions of methanol resuited in an

1
Le

increase in the rate of the reaction, in the cese °f thiophero

obs .
constant was linear, indicating that the reaction: was of the

A plot of leg k against the reciprocal of the dielectric

ion=dipole type.

Variations in the ionic strength of the medium, -
changes in the concentrations of added hexacyanoferrate (11)
iong, tie addition of salts; and the addition of the product
itself, did not nave'any effect on the rates of these

oxidetion reactions.

The presence of radical intermediates was detected

and characterized by BSR spectroscopy.

The mechanisn of the rezcticn involved the formation
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©of radical interneliates in the rate determining step.
The subSgquent step involved & rapid diiserization of the
radieéal, to yield the respective cliSuificle. The products
forned have been characteriied by enalytical end spectral

nethods.,’
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